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THE ONE-ELECTRON ATOM 



One-electron atoms include the hydrogen atom, He(II), Li(III), 
Be(IV), and so on. The mass-energy and angular momentum of the 
electron are constant; this requires that the equation of motion of the 
electron be temporally and spatially harmonic. Thus, the classical wave 
equation (4-dimensional Laplace equation) applies and 



where p(r, 0,0,0 is the function of the electron in time and space. In each 
case, the nucleus contains Z protons and the atom has a net positive 
charge of (Z-l)e. All forces are central and Special Relativity applies. 
Thus, the coordinates must be three dimensional spherically harmonic 
coordinates plus time. The time, radial, and angular solutions of Laplace's 
Equation are separable. The motion is time harmonic with frequency a> n . 

To be a harmonic solution of Laplace's equation in spherical coordinates, 
the angular functions must be spherical harmonic functions. 

THE BOUNDARY CONDITION OF NONRADIATION AND THE RADIAL 
FUNCTION— THE CONCEPT OF THE * ■ ORBITSPHERE ' 1 

A zero of the spacetime Fourier transform of the product function 
of two spherical harmonic angular functions, a time harmonic function, 
and an unknown radial function is sought. 

The Boundary Condition 

The condition for radiation by a moving charge is derived from 
Maxwell's equations. To radiate, the spacetime Fourier transform of the 
current-density function must possess components synchronous with 
waves traveling at the speed of light [1]. Alternatively, 



Derivation of the Condition for Nonradiation 

The condition for radiation by a moving point charge given by Haus 
[1] is that its spacetime Fourier transform does possess components that 
are synchronous with waves traveling at the speed of light. Conversely, 
it is proposed that the condition for nonradiation by an ensemble of 
moving point charges that comprises a charge-density function is that its 
spacetime Fourier transform does NOT possess components that are 




(1.1) 



For non-radiative states, the current-density function must not 
possess spacetime Fourier components that are synchronous 
with waves traveling at the speed of light. 
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synchronous with waves traveling at the speed of light. The Haus 
derivation applies to a moving charge-density function as well because 
charge obeys superposition. The Haus derivation is summarized below. 

The Fourier components of the current produced by the moving charge 
are derived. The electric field is found from the vector equation in 
Fourier space (k, co-space). The inverse Fourier transform is carried over 
the magnitude of k. The resulting expression demonstrates that the 

radiation field is proportional to J ± (— n 9 a>) , where 3 x (K(o) is the 

c 

spacetime Fourier transform of the current perpendicular to k and 
n = ~j . Specifically, 

E x (r 9 co)~ = ^ j p(co,a)dCDdn^n X^nX J^^n,©^ 7 ^" j (1.2) 

The field Ej^r.Gj)— is proportional to jj— n 9 a J, namely, the Fourier 

In V c ) 

component for which k = — . Factors of o) that multiply the Fourier 

c 

component of the current are due to the density of modes per unit 
volume and unit solid angle. An unaccelerated charge does not radiate in 
free space, not because it experiences no acceleration, but because it has 



no Fourier component J x ^— n,G)j. 



Derivation of the Boundary Condition 

In general, radial solutions of the Helmholtz wave equation are 
spherical Bessel functions, Neumann functions, Hankel functions, 
associated Laguerre functions, and the radial Dirac delta function. The 
Dirac delta function eliminates the radial dependence and reduces the 
number of dimensions of the Helmholtz wave equation from four to 
three. The solution for the radial function which satisfies the boundary 
condition is a three dimensional delta function in spherical coordinates — a 
spherical shell [2] 

/(r) = -^(r-r n ) (13) 
r 

where r„ is an allowed radius. The Fourier transform of the radial Dirac 
delta function is a sine function. For time harmonic motion, with angular 
velocity, g>, the relationship between the radius and the wavelength is 

2rvr = X (1.4) 
Consider the radial wave vector of the sine function, when the radial 
projection of the velocity is c, the relativistically corrected wavelength is 
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A = r (1.5) 
Substitution of Eq. (1.5) into the sine function results in the vanishing of 
the entire Fourier transform of the current-density function. 

SPACETIME FOURIER TRANSFORM OF THE ELECTRON FUNCTION 

The electron charge-density (mass-density) function is the product 

of a radial delta function (/(r) --r^r-r,,)), two angular functions 

r 

(spherical harmonic functions), and a time harmonic function. The 
spacetime Fourier transform in three dimensions in spherical coordinates 
plus time is given [3, 4] as follows: 

» « jr In 

M(s 9 O t ®,0))= J JJ Jp(r,0,0,Oexp(-i2^r[cos0cos0-fsin0sin0cos(^-O)]) 

0 0 0 0 ' ' 

exp(-ifi)f )r 2 sin 9drd0d<pdt 
With circular symmetry [3] 



CO " 7Z 



M(s y O, (o) = 2k J j j p(r,6,t)J 0 (2nsrsinQsin 0)exp(-i2^srcos0cos 0)r 2 sin 0exp(-ia>t)drd0dt 



0 0 0 



(1.7) 

With spherical symmetry [3], 

oo oo 

M(s y <o) = 4;r J Jp(r,f)sinc(2jr)r 2 exp(-iax)drdt (1.8) 

o o 

The solutions of the classical wave equation are separable. 

P(r,9 9 <l>j) = f(r)g(e)h(<l>)k(t) (1.9) 
The orbitsphere function is separable into a product of functions of 
independent variables, r,0,#, and t. The radial function which satisfies 
the boundary condition is a delta function. The time functions are of the 
form e ,<ar , the angular functions are spherical harmonics, sine or cosine 
trigonometric functions or sums of these functions, each raised to various 
powers. The spacetime Fourier transform is derived of the separable 
variables for the angular space function of sin0 and sin0. It follows from 
the spacetime Fourier transform given below that other possible 
spherical harmonics angular functions give the same form of result as the 
transform of sin0 and sin#. Using Eq. (1.8), F(s), the space Fourier 
transform of (/(r) = 5(r-rJ) is given as follows: 

F(s) = 4/r J4- 8(r - r n )sinc(2sr)r 2 dr (1.10) 
o r 

F(s) = 4;rsinc(2 sr n ) (111) 

The subscript n is used hereafter; how ever 9 the quantization 
condition appears in the Excited States of the One-Electron 
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ft torn (Quantization) section. Quantization arises as 
"allowed" solutions of the wave equation corresponding to a 
resonance between the electron and a photon. 

Using Eq. (1.7), GO*,©),, the space Fourier transform of g(0) = sin0 is given 
as follows where there is no dependence on <f>: 

G(*,0) = 2nj Jsin 0/ o (2 Twr sin ©sin 0)exp(-i2;rsrcos0cos0)sin 0r 2 d0dr (1.12) 

o o 



G(*,0) = 2 7T J Jr 2 sin 2 0/ o (2^yrsin0sin0)cos(2^rcos0cos0)rf0rfr (1.13) 

00 

From Luke [5] and [6]: 

2n s \2#i 



uW \2 ) &n!r(v + » + l) \2 Z ) £ 0 n\(v + n)\ 



(1.14) 



Let 

Z = 27Krsin0sin0 (1.15) 
With substitution of Eqs. (1.15) and (1.14) into Eq. (1.13), 



G(s,Q) = 2 it] f r 2 sin 2 Jf ( 0* (^rsin 0sin Of l cos(2 ^ rC osecos 6)d6dr (1.16) 



G(s,&) = 2n\r 2 ]y } O^^sin©) 2 " 0cos ( 2 Ksr cos® cos e)dddr (1.17) 

G(s,©) = 2* f r 2 fy (~1)" '(*srsin0) 2< '^ .^ 0cos( 2wrcosecos«)rfft/r (1.18) 

i itZ (n-l)!(n-l)! 



From Luke [7], with Re(v) > -— : 
Let 

z = 2/wrcos0, and n=v (1.20) 

Applying the relationship, the integral of a sum is equal to the sum of the 
integrals to Eq. (1.18), and transforming Eq. (1.18) into the form of Eq. 
(1.19) by multiplication by 
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rfi-yf V + i\^rcos0) u 

1 = V£Z V z ^ (121) 



{ &l (u -!)!(«-!)! 



and by moving the constant outside of the integral gives: 

(-ir^rrsin0) 2(w - ,) 

0 '.'=10 

rf-VT v + -Wrcos 0)" 

^ 2>/ ^ (T\~7 7^sin 2,, 0cos(2;wrcos0cos0)d0</r (1 .22) 

(7Krcos0)T|^Jr[ V + iJ 



0-1/ • £N\2(V-1) 



5 (t>-l)!(u-l)! 



rr-yru + -\^yrcos0)'' „ 

V2/ ^ y pr t p- J sin 2 " 0cos(2;»rcos0cos0)d0</r (1 .23) 

(nsrcos0)"rf -Jn u + - J 0 



Applying Eq. (1.19), 



G( ,.e) - 2* 1 S ± <-■>" e)"-' ffij " 4) , 

i ^ (u-l)!(u-l)f (7wrcos0) w 



„(2^yrcos0>/r (1.24) 



Using the Hankel transform formula from Bateman [8]: 

]r~^\rs)ti)j v (rs)dr = s^ (1 .25) 

o 

and the Hankel transform relationship from Bateman [9], the general Eq. 
(1.31) is derived as follows: 

f(x) <======> g(y; v) = ]f(x)(xy)^)j v {xy^x ( 1 .26) 

0 

x a f(x), m = 0, 1, 2. . ;<=====> j p m+U_5 ^(y;m + u) j (1.27) 

j r » r (i)(„)(i)y u ( rJ ) dr = ^r")^ Jp^-iyi)! (1.28) 
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tl{ (v-l)!(t>-l)! (/r^cos©)" 



Let r = ; dr = 
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Jr " A„(r*)rfr = (1 .29) 

p/tiV *\(rs)dr = (^rj)T^ U (1-31) 
Collecting the r raised to a power terms, Eq. (1.24) becomes, 



„(2;wrcos0)dr (1.32) 



2;rcos© 2;rcos0 

G{s ' 0) - 2 *hl (v-mv-iy. («cose)» (ixcoser* J ° isnd ' ( } 

By applying Eq. (1.31), Eq. (1.33) becomes, 

G , 5 e) = 2n f (-ir-\™ner-» r [lK V + i) 2vl j 34 < 

~J (u-l)!(u-l)! (;Escos0) , '(27^cos0) ,>+, (t>-l)! " 

By collecting power terms of s, Eq. (1.34) becomes, 

l > } £ (i>-l)!(o-l)! (^cos0r +, 2 v+l (v-l)l S U "" J 

//($,<!>), the space Fourier transform of /i(0) = sin# is given as follows where 
there is no dependence on 0: 

The spectrum of sin0 and sin dare equivalent. Applying a change of 
variable to the Fourier transform of g(0) = sin0. 

8 =====> (p implies 0 ======> <1> 

Therefore, O replaces 0 in Eq. (1.35), 

^«>.i,ifciag*figgjlaH^] ™ (i.36) 

£l (u-l)!(u-l)! (^cos*) 2 "^"*' (v-1)! 
The time Fourier transform of K(t) = Re{exp(i'G)„/)} where Q) B is the 
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angular frequency is given [4] as follows: 

f cos co n t exp(-icoOdt = ^-^[S(<o - 6t)J + S(a> + &„)] (137) 
J o 27t2 

A very important theorem of Fourier analysis states that the 
Fourier transform of a product is the convolution of the individual 
Fourier transforms [10]. By applying this theorem, the spacetime Fourier 
transform of an orbitsphere, M(s, 0,0,0)) is of the following form: 

M(*,0, *,*>) = F(5)® G(s,0)® H(s,<t>)K(co) (1.38) 
Therefore, the spacetime Fourier transform, Af(5,0,O,G>), is the convolution 
of Eqs. (1.11), (1.35), (1.36), and (1.37). 

(1.39) 

The condition for nonradiation of a moving charge-density function is 
that the spacetime Fourier transform of the current-density function 
must not have waves synchronous with waves traveling at the speed of 

light, that is synchronous with — «■ or synchronous with —J— where e is 

the dielectric constant of the medium. The Fourier transform of the 
charge-density function of the orbitsphere (bubble of radius r) is given 
by Eq. (1.39). In the case of time harmonic motion, the current-density 
function is given by the time derivative of the charge-density function. 
Thus, the current-density function is given by the product of the constant 
angular velocity and the charge-density function. The Fourier transform 
of the current-density function of the orbitsphere is given by the product 
of the constant angular velocity and Eq. (1.39). Consider the radial and 
time parts of, K x , the Fourier transform of the current-density function 
where the angular transforms are not zero: 

2 *-. „, <u-l)!(w-l)! (TCOse) ^ ''*'2" , (u-1)! 

^ (-.r^si-or- fflj^j] a M 

ti (u-l)!(u-l)! (;rcos<I>) 2, ' +, 2 , ' +, (t>-l)! An 1 n> ^ " ; 

(1.40) 



\ © 2003 by BlackLight Power, Ino. All rights reserved. 

6 1 

For the case that the current-density function is constant, the delta 
function of Eq. (1.40) is replaced by a constant. For time harmonic 
motion, with angular velocity, 0)„, Eq. (1.40) is nonzero only for fi> = G)„; 
thus, -oo<j<oo becomes finite only for the corresponding wavenumber, 
s n . The relationship between the radius and the wavelength is 

K=Kfn (1-41) 

v n =27rr n / fl = A n /„ (1.42) 
2itr n =k n (1.43) 

The motion on the orbitsphere is angular; however, a radial component 
exists due to Special Relativistic effects. Consider the radial wave vector 
of the sine function. When the radial projection of the velocity is c 

s n *v n =s rt *c = <» n (1.44) 
the relativistically corrected wavelength given by Eq. (1.249) is 2 



2 The special relativistic length contraction relationship observed for a laboratory 
frame relative to an inertial frame moving at constant rectilinear velocity v in the 
direction of velocit y v is 

Consider the distance on a great circle given by 

frde=r6\ 2 0 * =2nr (2) 
o 

In a gedanken experiment at a fixed position, the distance undergoes length 
contraction only in the 0 direction as v— »c. Thus, as v-*c the distance on a great 
circle approaches its radius which is the relativistically contracted electron 
wavelength. In the case of the charge motion, the components must be checked 
relative to waves traveling at the speed of light. In this case a contracted 
wavelength arises. 

The charge motion may be visualized. From the visualization, the 
nonradiation condition becomes apparent. At light speed, there can be no motion 
transverse to the radius. The radial projection of the time harmonic motion of a 
point charge of a great circle becomes equivalent to a time harmonic oscillator 
moving along an axis of distance 2r n in the direction of r. In spherical coordinates, 

the lab frame is. at rest at the origin. Relativistic invariance of charge requires 
that all of the charge of a current loop be projected onto a line in the radial 
direction. For n=l, 1=0, the charge is uniformly distributed. Consider, the radial 
projection of a point charge on a great circle at 0 = 0 and a point charge at 0 = ;r. 

Both points move from opposite ends of a line of length 2r n (-r„<r<+r n ) and are at 

r 

the origin in a quarter of a period which is time r = — . The points then cross. (The 

crossing is equivalent to elastic scattering at the origin which results in a 
momentum reversal for both points.) The points interchange roles and travel to 

2r 

the opposite starting points in a half of a period which is time r = — 2L . So, with 

2rC 
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K-r n (1-45) 
(i.e. the lab frame motion in the angular direction goes to zero as the 
velocity approaches the speed of light as given by Eq. (24.15)). The 
charge-density functions in spherical coordinates plus time are given by 
Eqs. (1.64-1.65). In the case of Eq. (1.64), the wavelength of Eq. (1.44) is 
independent of 0; whereas, in the case of Eq. (1.65), the wavelength in Eq. 
(1.44) is a function of sin0. Thus, in the latter case, Eq. (1.45) holds 
wherein the relationship of wavelength and the radius as a function of 9 
are given by r n sin0 = A n sin0. 

The equipotential, uniform or constant charge-density function (Eq. 
(1.64)) further comprises a current pattern given in the ORBITSPHERE 
EQUATION OF MOTION FOR I = 0 section and corresponds to the spin 
function of the electron. It also corresponds to the nonradiative n-l 9 £ = 
0 state of atomic hydrogen. There is acceleration without radiation. In 
this case, centripetal acceleration. A static charge distribution exists even 
though each point on the surface is accelerating along a great circle. 
Haus' condition predicts no radiation for the entire ensemble. 

In cases of orbitals of heavier elements and excited states of one 
electron-atoms and atoms or ions of heavier elements which are not 
constant as given by Eq. (1.65), the constant spin function is modulated 
by a time and spherical harmonic function. The modulation or traveling 
charge-density wave corresponds to an orbital angular momentum in 
addition to a spin angular momentum. These states are typically referred 
to as p, d, f, etc. orbitals and correspond to an I quantum number not 
equal to zero. Haus' condition also predicts nonradiation for a constant 
spin function modulated by a time and spherically harmonic orbital 
function. However, in the case that such a state arises as an excited state 
by photon absorption, it is radiative due to a radial dipole term in its 
current-density function since it possesses spacetime Fourier transform 



respect to each position, a point left and a point reappeared in x ~~^- Since 

T = — = — , the wavelength is r„. This situation applies for any 0. In the lab 
CO c 

frame, the current is uniform and constant. In the frame synchronous with waves 
traveling at the speed of light, the motion is equivalent to no net current and no 
net charge motion. Thus, no radiation is possible. 

When all positions of the orbitsphere are considered in the gedanken 
experiment, it is apparent that the lab-frame electron motion in on a sphere with a 
radius contracted by the factor 27T. The derivation is given in the Special 
Relativistic Correction to the Ionization Energies section. With the wavelength in 
the speed of light frame given by Eq. (1.45), the relativistic invariance of the 
angular momentum of the electron of h (Eq. (157) gives the corresponding 
electron mass in the mass density as 270n e . 
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components synchronous with waves traveling at the speed of light as 
given in the INSTABILITY OF EXCITED STATES section. 

Substitution of Eq. (1.45) into the sine function results in the 
vanishing of the entire Fourier transform of the current-density function. 

Thus, spacetime harmonics of — = Jfc or — - /— = Jfc do not exist for which 

C C \£ 0 

the Fourier transform of the current-density function is nonzero. 
Radiation due to charge motion does not occur in any medium when this 
boundary condition is met. Note that the boundary condition for the 
solution of the radial function of the hydrogen atom with the Schrodinger 
equation is that T-^O as r— »«>. Here, however, the boundary condition is 
derived from Maxwell's equations: For non-radiative states, the current- 
density function must not possess spacetime Fourier components that are 
synchronous with waves traveling at the speed of light. An alternative 
derivation which provides acceleration without radiation is given by 
Abbott [11] Bound electrons are described by a charge-density (mass- 
density) function which is the product of a radial delta function, Eq. (1.3), 
two angular functions (spherical harmonic functions), and a time 
harmonic function. This is a solution of Laplace's Equation. Thus, this 
radial function implies that allowed states are two-dimensional spherical 
shells (zero thickness 3 ) of charge density (and mass density) at specific 
radii r„. These shells are referred to as electron orbitspheres. See Figure 

1.1 for a pictorial representation of an orbitsphere. 



3 The orbitsphere has zero thickness, but in order that the speed of light is a 
constant maximum in any frame including that of the gravitational field that 
propagates out as a light-wave front at particle production, it gives rise to a 
spacetime dilation equal to 2k times the Newtonian gravitational or Schwarzschild 

radius r= — t-*- = 1.3525 X 10" 57 m according to Eqs. (23.36) and (23.140b) and 
* c 

discussion at the footnote after Eq. (23.40). This corresponds to a spacetime dilation 

of 8.4980 X 10" 57 m or 2.8346X10^5. Although the orbitsphere does not occupy 
space in the third spatial dimension, its mass discontinuity effectively "displaces" 
spacetime wherein the spacetime dilation can be considered a "thickness" 
associated with its gravitational field. 
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Figure 1.1. The orbitsphere is a two dimensional spherical shell of zero 
thickness with the Bohr radius of the hydrogen atom, r = a H . 




Given time harmonic motion and a radial delta function, the 

relationship between an allowed radius and the electron wavelength is 

given by Eq. (1.43). Using the de Broglie relationship for the electron 
mass where the coordinates are spherical, 

* _ *_ (146) 

Pn 



A. -A- 



the magnitude of the velocity for every point on the orbitsphere is 



< 
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v » = 



m e r n 



(1.47) 



THE ANGULAR FUNCTION 

The radial function for the electron indicates that the electron is 
two-dimensional. Therefore, the angular mass-density function of the 
electron, A(d,p,t), must be a solution of the Laplace equation in two 
dimensions (plus time), 

[V-^, W -0 (1-48) 
where p{r,d,<f>,t) = f(r)A{e,<p,t) = ^5(r-r n )A(e,4>,t) aruM(0,>,f) s ?(*.*)*(') 

}_±U 0 ±) + ^Vf4l 44W')-o (1-49) 



r 2 sin0<?0 

where % is the linear velocity of the electron. Conservation of momentum 
and energy allows the angular functions and time functions to be 
separated. 

A(9,4>,t) = Y(0,<l>MO (1.50) 
Charge is conserved as well, and the charge of an electron is 
superimposable with its mass. That is, the angular mass-density 
function, A(0,0,r), is also the angular charge-density function. 

The electron orbitsphere experiences a constant potential energy 
because it is fixed at r = r„. In general, the kinetic energy for an inverse 
squared electric force is half the potential energy. It is the rotation of the 
orbitsphere that causes spin angular momentum. The rotational energy 
of a rotating body, E m „ is 

£ re ,=i/a) J (151) 

where / is the moment of inertia and a is the angular velocity. The 
angular velocity must be constant (at a given n) because r is constant 
and the energy and angular momentum are constant. The allowed 
angular velocities are related to the allowed frequencies by 

a>=2nv n (1-52) 

The allowed frequencies are related to allowed velocities by 

v=v.A. (1.53) 



n' w n 



The allowed velocities and angular frequencies are related to r n by 



CO. = 



" Try r 2 



(1.54) 
(1.55) 
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(1.56) 



The scalar sum of the magnitude of the angular momentum of each 

infinitesimal point of the orbitsphere L, of mass m ( . must be constant. 

The constant is ft. 

IlL^XIrxmH^r.-A.^ (157) 



m e r„ 



where the velocity is given by Eq. (1.47). In the limit, the sum is 
replaced by a continuous integral over the surface wherein the point 
element masses and angular momenta are replaced by the corresponding 
densities. The integral of the magnitude of the angular momentum of the 
electron is h in any inertial frame and is relatiuistically invariant. The 
vector projections of the orbitsphere spin angular momentum relative to 
the Cartesian coordinates are given in the Spin Angular Momentum of the 

Orbitsphere with A = 0 section. 

In the case of an excited state, the. charge-density function of the 
electron orbitsphere can be modulated by the corresponding "trapped" 
photon to give rise to orbital angular momentum about the z-axis. The 
"trapped photon" is a "standing electromagnetic wave" which actually is a 
circulating wave that propagates around the z-axis. Its source current 
superimposes with each great circle current loop of the orbitsphere. In 
order to satisfy the boundary (phase) condition at the orbitsphere 
surface, the angular and time functions of the photon must match those 
of its source current which modulates the orbitsphere charge-density 
function as given in the Equation of the Electric Field Inside the 
Orbitsphere section. The time-function factor, *(r), for the photon 
"standing wave" is identical to the time-function factor of the orbitsphere. 
Thus, the angular frequency of the "trapped photon" has to be identical to 
the angular frequency of the electron orbitsphere, ©„ given by Eq. (1.55). 
However, the linear velocity of the modulation component is not given by 
Eq. (1.54) — the orbital angular frequency is with respect to the z-axis; 
thus, the distance from the z-axis must be substituted for the orbitsphere 
radius of Eq. (1.54). The vector projections of the orbital angular 
momentum and the spin angular momentum of the orbitsphere are given 
in the Rotational Parameters of the Electron (Angular Momentum, 
Rotational Energy, and Moment of Inertia) section. Eq. (1.49) becomes 

ede\ del, sm^^df ) rg \ 

The spacetime angular function, A(0,<l>,t), is separated into an angular and 
a time function, Y{6,(p)H0- The solution of the time harmonic function is 
= When the time harmonic function is eliminated, 
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y(e,0) = E ro ,y(0,0) (1.59) 



n 7 


i d 


21 


sin 0 dd 




A--V| . \L .~J ? / 1 0 II IV- V^UCJUVll avjl v»» v * * tJ- — c? - - 

separated into a function of 0 and a function of 0 and the solutions are 
well known [12]. The energies are given by 

E + 0,1,2,3 (1-60) 

27 

where the moment of inertia, /, is derived in the Rotational Parameters 
of the Electron (Angular Momentum, Rotational Energy, and Moment of 
Inertia) section. The angular functions are the spherical harmonics, 
Y t m {&,<!>) = P ( m (co$0)e im +. The spherical harmonic y o °(0,0) = l is also a solution. 
The real parts of the spherical harmonics vary between -1 and 1. But the 
mass of the electron cannot be negative; and the charge cannot be 
positive. Thus, to insure that the function is positive definite, the form of 
the angular solution must be a superposition: 

K 0 D (M) + " (161) 

(Note that 17(0,0) = P i m (cos0)e bn ^ are not normalized here as given by Eq. 
(3.53) of Jackson [13]; however, it is implicit that magnitude is made to 
satisfy the boundary condition that the function is positive definite and 
Eq. (1.63) is satisfied.) Y 0 °(6 9 <p) is called the angular spin function 

corresponding to the quantum numbers s = ^;m s = +^ as given in the Spin 

Angular Momentum of the Orbitsphere with Jl = 0 section. Y € m {0 9 $) is 
called the angular orbital function corresponding to the quantum 
numbers * = 0, 1, 2, 3, 4,...; m, = -£ 9 -t + 1, .... 0, +t. 17(M) can be 
thought of as a modulation function. The charge density of the entire 

orbitsphere is the total charge divided by the total area, ^^r- The 

fraction of the charge of an electron in any area element is given by 

N[y o o (0,0) + Y t m (9, <t>))rl sin dd$d0, (1-62) 

where N is the normalization constant. Therefore, the normalization 
constant is given by 

-e = Nr 2 n ]j[Y 0 \e,<l>) + Y t n, (e,^]sm9ded<j> (1.63) 



o o 

For A = 0, N = ^r. For 1*0, N = -f^-. The charge-density functions 

8/tr* 47tr„ 

including the time-function factor are 



1=0 
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P(r,0,0,r) = ^[«r - r.)Jl?(M + FtM)] ( 1 .64) 

<s7tr 

i # o 

P(r,9,4>,» = -rslBir- Re{*7(M)[i + e> °'% (1 65a) 

p(r.M.O = t^tI*' - Ol[ W0) + K^ir(My v }] ( 1 - 65b > 

4/rr 

where 

Re{y"(O,0)[l + e*"*']} = Re[>T(e,0) + Y t "{9,<l>)e icv ] = P? (cos 9) cos m<p + P t a (cose)cos\m0 + ay) 

or Re{y"(a,0)e' a, ''} = P ( m (cos0)cos(m0 + fi>^) and to keep the form of the 
spherical harmonic as a traveling wave about the z-axis, a>' n = ma>„ 4 . In the 
cases that m*0, Eq. (1.65) is a traveling charge-density wave that moves 
on the surface of the orbitsphere about the z-axis with frequency <o„ and 
modulates the orbitsphere corresponding to A = 0. The latter gives rise 
to spin angular momentum as given in the SPIN ANGULAR MOMENTUM 
OF THE ORBITSPHERE WITH 1=0 section. The spin and orbital angular 
momenta may couple as given in the ORBITAL AND SPIN SPLITTING 
section. In the cases that 1 * 0 and m = 0 the charge is moving or 
rotating about the z-axis with frequency a> n , but the charge density is not 
time dependent. The photon equations which correspond to the 
orbitsphere states, Eqs. (1.64) and (1.65), are given in the Excited States 
of the One-Electron Atom (Quantization) section. In addition to Haus' 
condition given by Eqs. (1.44-1.45), the orbitsphere states given by Eqs. 
(1.64-1.65) are shown to be nonradiative with the same condition as that 
of Eq. (1.45) applied to the vector potential as shown in Appendix I: 
Nonradiation Based on the Electromagnetic Fields and the Poynting Power 



4 In Eq. (1.65a), Y£(d,<P), a constant function, is added to a spherical harmonic 

function times [l + e fBV ]. Consider the term Re{lV"(«.^l + tf tev ]}. The first term 

corresponds to Y t "(e,<p) times one and has (O n =0; so, m = 0 and £ = 0 is selected. This 
is equivalent to another constant function modulated by the spherical harmonic 
function (second term) which spins around the z-axis and comprises a traveling 
modulation wave. One rotation of the spherical harmonic function occurs m one 
period. Thus, Eq. (1.65a) can be rearranged to represent the electron as a 
superposition of a pure spin function plus a spin function that is modulated. Or, 
directly, Eq. (1.65a) represents the sum of a spin function and a modulation 
function times a time dependent function, [l + e ,av ]. The latter can be considered a 
phasor corresponding to the modulation function spinning about the z-axis. 
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Vector. 

For n = l, and A = 0, m = 0, and 5 = 1/2, the charge (and mass) 
distribution is spherically symmetric and M t 00WJ =-4.552 Cm -2 everywhere 
on the orbitsphere. Similarly, for n = 2, A = 0, m = 0, and 5=1/2, the 
charge distribution everywhere on the sphere is M 200) , 2 =-1.138 Cm' 2 . For 

n = 2, Jl = 1, m = 0, and s = l/2, the charge distribution varies with d. 
y,°(0,e) is a maximum at 0 = 0° and the charge density is also a maximum 
at this point, M 2Iol/2 (0 = 0°) = -2.276 Cm" 2 . The charge density decreases as 
6 increases; a minimum in the charge density is reached at 
6 = 180°, M 2X0 , U2 (6 = 180°) = 0 Cm- 2 . 

For A = 1 and m = ±l, the spherical harmonics are complex, and the 
angular functions comprise linear combinations of 

y,, =sin0cos0 (1.66) 

y. v =sin0sin0 U-67) 
Each of Y l x and 7 ltV is the component factor- part of a phasor. They are not 
components of a vector; however, the x and y designation corresponds, 
respectively, to the historical p x and p y probability-density functions of 
quantum mechanics. Y Ux is a maximum at 0 = 90° and 0 = 0°; 
M 2 lxW2 (90°,0°) = -1.138 Cm" 2 . Figure 1.2 gives pictorial representation of 
how the modulation function changes the electron density on the 
orbitsphere for several Jl values 5 . Figure 1.3 gives a pictorial 
representation of the charge-density wave of a p orbital that modulates 
the constant spin function and rotates around the z-axis. A single time 
point is shown for Jl = 1 and m-±l in Eq. (1.65). 



5 When the electron charge appears throughout this text in a function involving a 
linear combination of the spin and orbital functions, it is implicit that the charge is 
normalized. A constant times a solution to the wave equation such as a constant 
times a spherical harmonic function is a solution. The integral of the constant 
mass-density function corresponding to spin over the orbitsphere is the mass of 
the electron. The integral of any spherical harmonic modulation function 
corresponding to orbital angular momentum over the orbitsphere is zero. The 
modulated mass-density function has a lower limit of zero due to the trapped photon 
which is phase-locked to the modulation function. And, the mass density can not be 
negative. Thus, the maximum magnitude of the unnormalized spherical harmonic 
function over all angles must be one. The summation of the constant function and 
the orbital function is normalized. 
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Figure 1.2 
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Figure 1.3. A pictorial representation of the charge-density wave of a p 
orbital that modulates the constant spin function and travels on the 
surface of the orbitsphere around the z-axis. A single time point is 
shown for Jl = 1 and /n = ±l in Eq. (1.65). The charge density increases 
from red to violet. The z-axis is the vertical axis. 
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THE ORBITSPHERE EQUATION OF MOTION FOR A = 0 

Stern-Gerlach-Experiment Boundary Conditions 

It is known from the Stern-Gerlach experiment that a beam of 
silver atoms is split into two components when passed through an 
inhomogeneous magnetic field. This implies that the electron is a spin 
1/2 particle with an intrinsic angular momentum in the direction of the 

ft 

applied field (spin axis) of ±-, and the magnitude of the angular 

momentum vector which precesses about the spin axis is 

Furthermore, the magnitude of the splitting implies a magnetic moment 
of fi B , a full Bohr magneton, given by Eq. (1.99) corresponding to ft of 
total angular momentum on the axis of the applied field. 

The algorithm to generate the Y 0 °(<p,0) orbitsphere equation of 

motion of the electron (Eqs. (1.64-1.65)) is developed in this section. It 
was shown in the Angular Function section that the integral of the 
magnitude of the angular momentum over the orbitsphere must be 
constant. The constant is ft as given by Eq. (1.57). It is shown in this 
section that the projection of the intrinsic orbitsphere angular momentum 

ft 

onto the spin axis is ±— , and the projection onto S, the axis which 

2 

precesses about the spin axis, is ft with a precessing component in the 
perpendicular plane of ^-ft and a component on the spin axis of ±-^. 

ft 

Thus, the mystery of an intrinsic angular momentum of ±— and a total 

angular momentum in a resonant RF experiment of L, = ft is resolved 
since the sum of the intrinsic and spin-axis projection of the precessing 
component is ft. The Stern-Gerlach experiment implies a magnetic 
moment of one Bohr magneton and an associated angular momentum 
quantum number of 1/2. Historically, this quantum number is called the 

spin quantum number, s (s = — ; m s = ±— ), and that designation is 

2 2 

maintained. 

The electron has a measured magnetic field and corresponding 
magnetic moment of a Bohr magneton and behaves as a spin 1/2 particle 
or fermion. For any magnetic field, the solution for the corresponding 
current from Maxwell's equations is unique. Thus, the electron field 
requires a unique current according to Maxwell's equations. Several 
boundary conditions must be satisfied, and the orbitsphere equation of 
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motion for A = 0 is solved as a boundary value problem. The boundary 
conditions are: 

(1) each infinitesimal point (position) on the orbitsphere ™W^*£f x gSd 
density element must have the same angular and linear velocity given by Eqs. (1.53) ana 

(1.56), respectively; 

(2) according to condition 1 , every such infinitesimal point must move along a great circle 
and the current-density distribution must be uniform; 

(3) the electron magnetic moment must align completely parallel or antiparallel with an 
applied magnetic field in agreement with the Stern-Gerlach experiment, 

(4) according to condition 3, the projection of the intrinsic angular momentum of the 
orbitsphere onto the z-axis must be ±|, and the projection into the transverse plane must be 

±- to achieve the spin 1/2 aspect; 
4 

the Larmor excitation of the electron in the applied magnetic field ™*^J*" * * 
comSnSt^eItro" S pb angular momentum that precess about the applied magnetic field 

such that the contribution along the z-axis is ±| and the projection onto the orthogonal axis 

which processes about the z-axis must be ±M h > 

a - ,~ ^Hit;™ A and 5 the angular momentum components corresponding to die 
cJSSftS S&Sc diXR. Larmor precession must rise to a total angular 
momentum on the applied-field axis of ±ft ; 

(7) due to condition 6, the processing electron has a magnetic moment of a Bohr 
magneton, and 

/o\ the energv 0 f the transition of the alignment of the magnetic moment with an applied 
w^SSSSbt^H by Eqs. (1.1 4-1.195) corresponding to the extended electron 
having a total angular momentum on the applied-field axis of ±fl . 

Consider the derivation of Eqs. (1.58) and (1.59). The moment of 
inertia of a point particle is mr\ and that of a globe spinning about some 
axis is / = -mr 2 . For 1 = 0, the electron mass and charge are uniformly 
distributed 3 over the orbitsphere, a two-dimensional spherical she" but 
the orbitsphere is not analogous to a globe. The velocity of a point mass 
on a spinning globe is a function of 6, but the magnitude of the : velocrty 
at each point of the orbitsphere is not a function of 9 To ^cture the 
distinction it is a useful concept to consider that the orbitspnere is 

of an infinite number of point ^ ha" ne 

spherical surface. Then, each point on the sphere w.th mass m, has the 



V 
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same angular velocity (©„), the same magnitude of linear velocity (v ), 
and the same moment of inertia (ntf). The motion of each point of the 
orbitsphere is along a great circle, and the motion along each great circle 
is correlated with the motion on all other great circles such that the sum 
of all the contributions of the corresponding angular momenta is ditlerent 
from that of a point or globe. The orbitsphere angular momentum is 
uniquely directed disproportionately along two orthogonal axes 

The current-density function of the orbitsphere is generated from a 
basis set current-vector field defined as the orbitsphere current-vector 
field ("orbitsphere-cvf"). This in turn is generated from orthogonal great 
circle current loops that serve as basis elements. As given in Appendix 
HI the continuous uniform electron current density function Y 0 
(Eos (1 64-1.65)) is then exactly generated from this orbitsphere-cvf as a 
basis element by a convolution operator comprising an autocorrelation- 
tvDe function. The operator comprises the convolution of each great 
circle current loop of the orbitsphere-cvf designated as the primary 
orbitsphere-cvf with a second orbitsphere-cvf basis element designated 
as the secondary orbitsphere-cvf. Each secondary element is weighted 
according to the angular momentum of each grea t circle of a primary 
orbitsphere-cvf that it replaces by the convolution. The uniform, 
equipotential charge-density function of the orbitsphere having only a 
radial discontinuous field at the surface according to Eq (1) of footnote 8 
is constant in time due to the motion of the current along great circles^ 
The current flowing into any given point of the orbitsphere equals the 
current flowing out to satisfy the current continuity condition, V-/-0. 

The current-vector field pattern of the orbitsphere-cvf is not 
soatially uniform. There is no coincidence or nonuniqueness of elements 
of the current-vector field. But, there are many crossings among 
elements at single points on the two dimensional surface of the elector., 
and the density of the crossings is nonuniform over the surface. Ihus, 
each element of the basis set to generate the current pattern, a great 
circle current loop, must be one dimensional so that the crossings are zero 
dimensional with no element interaction at their crossing. (This is a 
logical and necessary geometric progression for the constfuction of a 
fundamental particle which is two-dimensional.) In the limit, the basis 
set generates a continuous two-dimensional current density with a 
constant charge (mass) density wherein the crossings have no effect on 
the vector fields. Each one-dimensional element is independent of the 
others, and its contribution to the angular momentum and magnetic field 

independently superimposes with that of the others. 

This unique aspect of a fundamental particle has the same 
properties of the superposition properties of the electric and magnetic 
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fields of a photon. As shown in the Excited States of the One-Electron 
Atom (Quantization), the Creation of Matter from Energy, Pair Production, 
and the Leptons sections, the angular momentum in the electric and 
magnetic fields is conserved in excited states and in the creation of an 
electron from a photon in agreement with Maxwell's equations. It is 
useful to regard an electron as a photon frozen in time. The particle- 
production conditions are given in the latter sections. 

GENERATION OF THE ORBITSPHERE-CVF IN TWO STEPS 

The equation of motion for each charge-density element (and 
correspondingly for each mass-density element) which gives the current 
pattern of the orbitsphere-cvf is generated in two steps, STEP ONE and 
STEP TWO, as follows: 

Here a procedure is used to generate the current pattern of the 
orbitsphere-cvf from which the physical properties are derived in the 
Spin Angular Momentum of the Orbitsphere with Jl = 0 section and are 
shown to match the boundary conditions. 

The current-density of the orbitsphere-cvf is continuous, but it may 
be modeled as a current pattern comprising a superposition of an infinite 
series of correlated orthogonal great circle current loops. The time- 
independent current pattern is obtained by defining a basis set for 
generating the current distribution over the surface of a spherical shell of 
zero thickness. As such a basis set, consider that the electron current is 
first evenly distributed within two orthogonally linked great-circle 
current loops. These loops will be further divided into two sets of linked 
orthogonal pairs wherein each pair undergoes independent 
transformations over the surface wherein the electron current is 
correspondingly divided by the number of basis loops, four, and then by 
the angular span of the transformations to form a normalized current 
density in each case. In Appendix III, the continuous uniform electron 
current density function Y 0 °(<l>,0) (Eqs. (1.64-1.65)) is then exactly 
generated from this orbitsphere-cvf as a basis element by a convolution 
operator comprising an autocorrelation-type function. 

The stationary or laboratory Cartesian coordinate system for the 
first step, Step One, of the algorithm to generate the orbitsphere-cvf is 
shown in Figure 1.4A as the xyz-system. It is also designated the 
orbitsphere-cvf reference frame. The primed coordinate system is the 
stationary frame for the basis elements wherein a first current loop 
always lies in the y'z'-plane, and a second current loop always lies in the 
x'z'-plane. The primed coordinates are only coincident with the 
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corresponding xyz-coordinates for the initial positions as shown in Figure 
1.4A since the current density pattern is generated by a series of 
transformations of the primed coordinates relative to the unprimed 
coordinates. Each successive transformation of the primed system 
defines an orientation of the basis set in the x'y'z'-frame relative to the 
xyz-frame that comprises a current element of the current density 
pattern. 

Rotations and reflections are the transformations on the surface of a 
sphere that may be used to generate the orbitsphere-cvf. The 
orbitsphere-cvf is simply generated by two steps, each comprising an 
infinite series of nested rotations of the two orthogonal great circle 
current loops each by an infinitesimal angle ±Acc r and ±Aa f about the 
new i'-axis and new j'-axis, respectively, which results from the 
preceding such rotation. Each orientation following the conjugate i' and j' 
rotation of the two orthogonal great circle current loops wherein the first 
current loop lies in the j'k'-plane, and the second current loop lies in the 
i'k'-plane is an element of the infinite series wherein for Step One i'=x\ 
j'=y\ k'=z' and for Step Two i'=z\ j'=x\ k'=y\ 

For Step One, the first such pair of orthogonal great circle current 
loops is shown in Figure 1.4A. The second element of the series is 
generated by rotation of the first element by an infinitesimal angle ±Aa, 
about the first x'-axis followed by a rotation by the infinitesimal angle 
±Aa y about the new (second) y'-axis to form a second x'-axis. The third 
element of the series is generated by the rotation of the second element 
by the same infinitesimal angle ±Aa x . about the second x'-axis followed 
by the rotation by the same infinitesimal angle ±Aa y about the new 
(third) y'-axis. In general, the (n+l)th element of the series is generated 
by the rotation of the nth basis coordinate system by the infinitesimal 
angle ±Aa x , about the nth x'-axis followed by the rotation of the nth 
orbitsphere-cvf coordinate system by the infinitesimal angle ±Acc y about 

the (n + l)th new y'-axis. 

The sign of the corresponding angle is maintained throughout the 
rotations, and the summation of the reiterative rotations about each of 

V2 



a" 



the i'-axis and the j'-axis is ii m £ K^I'T* when the k " axiS rotates 

da-*0 „=| * 

from the k-axis to the -k-axis. (The total angle, — n, is the hypotenuse 
of the triangle having the sides of j radians corresponding to i'-axis 
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rotations and - radians corresponding to j'-axis rotations.) Step One and 

2 

Step Two comprise the use of Aa,- and Aa f as given in Table 1.1. 

Next, consider two infinitesimal charge (mass)-density elements at 
two separate positions or points, one and two, of the two orthogonal great 
circle current loops that serve as the basis set as shown in Figures 1.4A 
and 1.4B. The vector projection of the corresponding angular momentum 
at each point of each current element is integrated over the entire 
orbitsphere-cvf surface to give the electron angular momentum. The 
correct current pattern is confirmed by achieving the condition that the 
magnitude of the velocity at any point on the surface is given by Eq. 

(1.56) and by obtaining the required angular momentum projections of - 

and - along and the z-axis and along an axis in the xy-plane, 
4 

respectively, as given in the Spin Angular Momentum of the Orbitsphere 
with i— 0 section. 
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Figure 1.4A. Step One. Each point or coordinate position on the 
continuous two-dimensional electron orbitsphere-cvf defines an 
infinitesimal charge (mass)-density element which moves along a 
geodesic orbit comprising a great circle. Two such infinitesimal charges 
(masses) at points one (moving counter clockwise on the great circle in 
the y'z'-plane) and two (moving clockwise on the great circle in the x'z'- 
plane) of two orthogonal great circle current loops in the basis frame are 
considered as sub-basis elements to generate the current density 

corresponding to the spin quantum number, J= 2 ;m * = ± 2' The XyZ 

system is the laboratory frame, and the orthogonal-current-loop basis set 
is rigid with respect to the x'y'z'-system that undergoes transformations 
to generate the elements of the electron current density function. The 
angular momentum of the orthogonal great circle current loops in the 




Thus, the orbitsphere-cvf is generated from two orthogonal great 
circle current loops which are rotated about the nth i'-axis and then 
about the (n + l)th j f -axis in Two Steps. 

For Step One, consider two charge (mass)-density elements, point 
one and two, in the basis-set reference frame at time zero. Element one 
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is at *=0, y = 0, and z' = r fl and element two is at ** = r B , y = 0, and z' = 0. 
Let element one move on a great circle counter clockwise toward the -y'- 
axis, as shown in Figure 1.4A, and let element two move clockwise on a 
great circle toward the z'-axis, as shown in Figure 1.4A. The equations of 
motion, in the sub-basis-set reference frame are given by 

point one: 

X J=0 y|=-r n sin(t» rt 0 z { = r n cos(oy) (l.68a) 

point two: 

x 2 = r n cos(oy ) y 2 =0 ^ = r M sin(ay) (1.68b) 

For Step Two, consider two charge, (mass)-density elements, point 
one and two, in the basis-set reference frame at time zero. Element one 
is at jc'-O, y = r„, and z' = 0 and element two is at = y = 0, and z' = 0. 
Let element one move clockwise on a great circle toward the -z'-axis as 
shown in Figure 1.4B, and let element two move counter clockwise on a 
great circle toward the y f -axis as shown in Figure 1.4B. The equations of 
motion, in the basis-set reference frame are given by 

point one: 

*1 = 0 y \ =r n cos (°y ) Z l = ~ r n sin ( Q> n f ) < 1 69a) 

point two: 



x 2 =r n cos(Q) n f) 



y 2 = r n sin(cry) ^ = 0 (l.69b) 
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Figure 1.4B. Step Two. The orthogonal great circle basis set is rotated 
Aa x . =~ with respect to the basis set of Step One shown in Figure 1.4 A 

and the direction of the current of the loop in the y'z'-plane is reversed. 
Point one now moves clockwise on the great circle in the y'z'-plane, and 
point two moves counter clockwise on the great circle in the x'y'-plane. 
The angular momentum of the orthogonal great circle current loops in the 

-xz-plane is corresponding to each of the z and -x-components of 

magnitude — . 

4 




Point 2 



The great circles are rotated by an infinitesimal angle ±Aa f (a 
rotation around the x'-axis or z'-axis for Steps One and Two, respectively) 
and then by ±Aa f (a rotation around the new y'-axis or x'-axis for Steps 
One and Two, respectively) where the positive directions are shown in 
Figures 1.4A and 1.4B, respectively. The coordinates of each point on 
each rotated great circle (x\y\z') is expressed in terms of the first (x.y.z) 
coordinates by the following transforms where clockwise rotations are 
defined as positive: 



•v 
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Step One 

cosfAaJ 0 
0 1 



X 

y 
z 



sinfAo^) 0 



-sinfAa^ 
0 

cosfAaj 



0 

0 - 



o o 

cosfAccJ sin(Aa x ) 
sii^AaJ cos(Aa x ) 



x 

y 
z 



-sinfAa y ^cos(A« jt ) 
sin(Aa jt ) 

sin(Aa y ) - co^Aa^sinfAaJ .. cosf Aa y >os(Aa x ) 



cosfAa,) sinfAa^sii^AaJ 
0 cos^AaJ 



y 

i 



(1.70a) 



Step Two 
1 



x 

y 
z 



0 o 

0 cos(Aa ;c ) sinfAa^) 
0 -sin(Aa x ) cos(Aa x ) 



cos(AaJ sin(AaJ 0 
—sin (AaJ cos(Aa z ) 0 



0 



0 
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z 



cos(Aa) 



sin(Aa ) 



0 



-cosfAaJsinCAap cosfAaJcosCAap sin(Aa x ) 









y 


1 

- 


t 



(1.70b) 



where the angular sum is iim 2- | Aa 'vl _ ~T~*" 

The orbitsphere-cvf is given by n reiterations of Eqs . (1.70 a) and 
(170b) for each point on each of the two orthogonal great circles dunng 
each of Steps One^nd Two where the sign of ±Aa f and ±Aa, for each Step 
are given in Table 1.1. The output given by the non-primed coordinates 



•i 



•v 
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is the input of the next iteration corresponding to each successive nested 
rotation by the infinitesimal angle ±Aa r or ±Aa f where the magnitude of 
the angular sum of the n rotations about each of the i'-axis and the j'-axis 

— a. Half of the orbitsphere-cvf is generated during each of Steps One 



is 



and Two. 

Table 1.1. Summary of the results of the matrix transformations of the 
two sets of two orthogonal current loops to generate the orbitsphere-cvf. 



Step 



1 



Total 



Initial 
Direction of 

Angular 
Momentum 
Components 



-x, z 



Final 
Direction of 

Angular 
Momentum 
Components 

rxJQ a 

y 



Sign of 



Aa z . 



Sign of 



+Aa v . 



Initial to Final 

Axis 
Transformation 



+*' — » +y 

+z' -» -z 

+z' -> -x 
+x' —> -z 



h 

4 



h 

4 



h 

4 



h 

4 



h 

2 



a k is the current density, r is the polar vector of the great circle, and " A " denotes the 



u 



unit vectors u =—. 

M 

Thus, in the limit as the number of nested conjugate rotations n 
goes to infinity and the incremental rotation angles ±&a f and ±Aa / each 
go to zero, the orbitsphere-cvf is generated from two orthogonal great 
circle current loops which are rotated about the nth i'-axis and then 
about the (n + l)th j'-axis until the k'-axis coincides with the -k-axis in 
two separate implementations of the algorithm comprising the Two Steps. 
Each Step involves a unique combination of the initial direction of the 
angular momentum vectors and orientation of the incremental rotation 
angles as summarized in Table 1.1. In the case of the nth element of Step 
One, the intersection of the two orthogonal great circle current loops 
occurs at the nth z'-axis which is along a great circle in a half-plane that 
is parallel with the z-axis and bisects the -x+y-quadrant of Figure 1.4A. 
The nested rotations is also equivalent to rotating the orthogonal-great- 
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circle basis set about the axis (i^.Oi,) by an angle n or one of the great- 
circles by 2/r as given in Appendix HI: Analytical Equations to Generate 
the Orbitsphere Current Vector Field and the Uniform Current (Charge)- 
Density Function Y 0 °«p,9). In the case of the nth element of Step Two, the 
intersection of the two orthogonal great circle current loops occurs at the 
nth y*-axis which is along a great circle in a half-plane that is parallel 
with the y-axis and bisects the -x-z-quadrant of Figure 1.4B. The nested 
rotations is also equivalent to rotating the orthogonal-great-circle basis 
set about the axis K.Oi,,!,) by an angle -n or one of the great-circles by 

In as given in Appendix III. 

Following Step Two, in order to match the boundary condition that 
the magnitude of the velocity at any given point on the surface is given 
by Eq. (1.56), the output half of the orbitsphere-cvf is rotated clockwise 

by an angle of | about the z-axis. Using Eq. (1.70b) with Aa t .=| and 
Aa, =0 gives the rotation. Then, the one half of the orbitsphere-cvf 
generated from Step One is superimposed with the complementary half 
obtained from Step Two following its rotation about the z-axis of - to 

give the orbitsphere-cvf. The nested rotations and --z-axis rotation of 
the output is also equivalent to forming a new basis set by rotating the 
orthogonal-great-circles shown in Figure 1.4B by | about the z-axis then 

continuously rotating the set about the axis (-i,,!,,!,) by an angle -it or 
rotating one of the reoriented great-circles by Ik as given in Appendix 

111 The current pattern of the orbitsphere-cvf generated by the nested 
rotations of the orthogonal great circle current loops is a continuous and 
total coverage of the spherical surface, but it is shown as visual 
representations using 6 degree increments of the infinitesimal angular 
variable ±Ao f and ±Aa f of Eqs. (1.70a) and (1.70b) from seven 
perspectives in Figures 1.5A-G. In each case, the complete orbitsphere- 
cvf current pattern corresponds to all the correlated points, points one 
and two, of the orthogonal great circles shown in Figures 1.4A and 1.4B 
which are rotated according to Eqs. (1.70a) and (1.70b) where ±Aa f and 
±Aa f approach zero and the summation of the infinitesimal angular 
rotations of ±Aa r and ±Aa r about the successive i'-axes and j'-axes is 

^-n for each Step. The pattern also represents the momentum-vector 
field which is not equivalent to the mass (charge) density which for 
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y o °(0,0) is uniform. Thus, the patterns represent the directions of the 
nonuniform flow of the uniform and constant mass and charge 
distribution of Y 0 °(<l>,9). The resultant angular momentum vector of the 
and L £ components of the orbitsphere-cvf, L R , is aligned along the z- 
axis, and the orbitsphere-cvf serves as a basis element to generate 
Y 0 °(<p,9) as given in Appendix III. 
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Figure 1.5 A. The current pattern of the orbitsphere-cvf shown with 6 
degree increments of the infinitesimal angular variables ±Aa f and ±Aa r 
from the perspective of looking along the z-axis. 
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Figure 1.5 B. The current pattern of the orbitsphere-cvf shown with 6 
degree increments of the infinitesimal angular variables ±Aa f and ±Aa r 
from the perspective of looking along the x-axis. 

Z 




Y 



View Along the Positive X Axis 



v © 2003 by BlackLight Power, Inc. All rights reserved. 

Figure 1.5C. The current pattern of the orbitsphere-cvf shown with 6 
degree increments of the infinitesimal angular variables ±Aa, and ±Aa r 
from the perspective of looking along the y-axis. 

z 




X 



View Along the Positive Y Axis 



Figure 1.5D. The current pattern of the orbitsphere-cvf shown with ' 
degree increments of the infinitesimal angular variables ±Aa f and ±Aa 
from the perspective of looking along the direction of the spherical 
coordinate angles 0 = 0.838 rad 9 0 = 0.660 rad which shows the "box view". 




•Box" View 
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Figure 1 5E The current pattern of the orbitsphere-cvf shown with 6 
degree increments of the infinitesimal angular variables ±Ao, and ±Aa, 
from the perspective of looking along the direction of the spherical- 
coordinate angles d = f , 0 = -0-0524 rad which shows the "circle view". 




'Circle* View 



Figure 1 5F The current pattern of the orbitsphere-cvf shown with 6 
degree increments of the infinitesimal angular variables ±Aa. and ±Aa f 
from the perspective of looking along the direction of the spherical- 
coordinate angles 0 = 0.620 rad, 0 = -O r 175 rad which shows the diamond 



view 




•Diamond 'View 
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Figure 1 5G The current pattern of the orbitsphere-cvf shown with 6 
degree increments of the infinitesimal angular variables ±Aa, and ±Aa f 
from the perspective of looking along the z-axis onto which L R , the 
resultant angular momentum vector of the L„ and L £ components, was 

aligned. 




SPIN ANGULAR MOMENTUM OF THE ORBITSPHERE WITH A = 0 

As demonstrated in Figures 1.4 and 1.5, the orbitsphere-cvf is 
generated from two orthogonal great circle current loops which are 
rotated about the nth i*-axis and then about the (*+l)th j'-axis in Two 
Steps of the series of n nested conjugate rotations. Next, consider two 
infinitesimal charge (mass)-density elements at two separate positions or 
points, one and two, of the two orthogonal great circle current loops that 
serve as the sub-basis set as shown in each of Figures 1.4A and 1.4B. The 
vector projection of the corresponding angular momentum at each point 
of each current element is integrated over the entire orbitsphere-cvf 
surface to give the corresponding electron angular momentum. The 
correct current pattern is confirmed by achieving the condition that the 
magnitude of the velocity at any point on the surface is given by Eq. 
(1.56) and by obtaining the required angular momentum projections of - 

and - along and the z-axis and along an axis in the xy-plane, 
respectively, to satisfy the Stern-Gerlach-experimental boundary 
condition. 

The mass density, of the orbitsphere of radius r, is uniform; 

however, the projections of the angular momenta of the great circle 
current loops of the orbitsphere onto the z-axis and onto the xy-plane are 
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not. The resultant vectors can be derived by considering the 
contributions of the momenta corresponding to the two orthogonal great 
circle current loops of Figures 1.4A-B as each basis set generates the 
current pattern of the orbitsphere-cvf in the Two Steps. The electron 
current, and thus, the momentum is first evenly distributed within the 
two orthogonally linked great-circle current loops each with a of mass 



The total sum of the magnitude of the angular momentum from the 
2 

contributions from all of the infinitesimal points on the orbitsphere is ft 
(Eq. (1.57)). Thus, the angular momentum of each great circle at this 

point is |. The planes of the great circles are oriented at an angle of — 

with respect to each other, and the resultant angular momentum is in 

the plane transverse to the axis on which they intersect. These loops are 
further divided into two sets of linked orthogonal pairs that undergo the 
independent transformations over the surface during Steps One and Two 
where the electron momentum and mass is correspondingly divided 
again by two. Thus, the angular momentum of each great circle of each 



algorithmic Step is ^ and the resultant angular momentum is in the 

transverse plane. In cases where the angular momentum vectors are 
rotated relative to the xyz-coordinate system during the algorithm, the 
angular momenta are then divided by the angular span of the rotation to 
form normalized momentum densities corresponding to the normalized 
current densities. Half of the angular momentum is distributed over the 
orbitsphere-cvf in Step One and the other half is distributed in Step Two. 

Consider the vector current directions shown in Figure 1.4A. During 
Step One, Aa x and Aa y are both positive, and the resultant angular 

ft 

momentum vector of magnitude -^-^ moves along a half a great circle in 

the plane that is parallel to the z-axis and bisects the +x-y-quadrant and 
the -x+y-quadrant. The trajectory of the resultant angular momentum 
vector from the xy-plane to the z-axis and back to the xy-plane is shown 
in Figure 1.6 where the angle 0 of the resultant angular momentum 
vector from the initial xy-plane position varies from 0 = 0 to 6 = k. Here it 
can be appreciated that the vector projections onto the z-axis all add 
positively and the vector projections into the xy-plane sum to zero. With 
the initial direction defined as positive, the projection in the xy-plane 

ft ft 

varies from a maximum of ^= to zero to The projection onto the z- 

axis varies from zero to a maximum of -^-^ to zero again. In each case, 



ft 
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the projection of the angular momentum is periodic over the angular 

range of 0. The total of each projection, and L 2 , is the integral as a 

function of G of the magnitude of the resultant vector of the two 

orthogonal angular momentum component vectors corresponding to the 
two orthogonal great circles. For Step One, the vector projection of the 

angular momentum onto the xy-plane is given by sum of the vector 
contributions from each great circle: 



L - • MM + [M* - MM + [M * 



(1.71a) 

2 



1 * 1 =0 



2V2 V2 2V2 -V2 

where each angular integral is normalized by, — r the angular range of 0. 

Similarly, the vector projection of the angular momentum onto the z-axis 
as shown i n Figure 1.6 is 

^IIHI+^H (, - 71b) 

where each angular integral is normalized by, n, the angular range of 9. 

Thus, from the initial - of angular momentum along each of the x and y- 

4 

axes, - canceled in the xy-plane and ^ was projected onto the z-axis as 

the angular momentum was spread over one half of the surface of the 
sphere with Step One. 
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Figure 1.6. The trajectory of the resultant angular momentum vector of 
the orthogonal great circle current loops of magnitude ^-j= during Step 

One (yellow vectors) gives L,=^. The resultant angular momentum 

ft 

vector of the orthogonal great circle, current loops of magnitude ^ of 
Step Two (black vector) is stationary. With the | rotation about the z- 

ft 

axis the projections of the resultant vector for Step Two are L„=- and 

L =± 
L < 4 




end at 



-y 



Consider the vector current directions shown in Figure 1.4B. During 
Step Two, Aa. is negative, Aa, is positive, and the nested rotations 
causes the orthogonal great-circle basis set to rotate about the vector 

oi -i) Thus, the resultant angular momentum vector of 
^ 4 J" 4 V 

magnitude -4= is stationary throughout the nested rotations that 

" 2V2 
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transform the axes as given in Table 1.1. Then, the ^ rotation of about 

the z-axis following Step Two only rotates by the same angle in the 
xy-plane such that the component is oriented along the bisector of the 
-x+y-quadrant as shown in Figures 1.4B and 1.6. Thus, the resultant 
angular momentum component of Step Two that is transverse to the z- 
axis, L , is in the direction of (-i^.Oi.) which is also the direction of the 
trajectory of the angular momentum component vectors of Step One as 
shown in Figure 1.6. The resultant angular momentum projections are as 
given in Figure 1.4B: 

L (1.72a) 

* 4 

L= * (1.72b) 

The total vector projection of the angular momentum onto the xy- 
plane given by the sum of Eqs. (1.71a) and (1.72a) is 

*y 4 4 

The total vector projection of the angular momentum into the z-axis 
given by the sum of Eqs. (1.71b) and (1.72b) is 

t =1 + 1 = 1 (1.73b) 
2 4 4 2 

The trajectories of the angular momenta and the resultant 
projections, and L t , given in Table 1.1 have been confirmed by 

computer simulations [14]. These results meet the boundary condition 
for the unique current having an angular velocity magnitude at each 
point on the surface given by Eq. (1.56) and give rise to the Stern Gerlach 
experiment as shown infra., in the Magnetic Parameters of the Electron 
(Bohr Magneton) section, and in the Electron g Factor section. The further 
constraint that the current density is uniform such that the charge 
density is uniform, corresponding to an equipotential, minimum energy 
surface is satisfied by using the orbitsphere-cvf as a basis element to 
generate Y 0 °(<I>,Q) as given in Appendix III. 

EXACT GENERATION OF y o °(M) FROM THE ORBITSPHERE-CVF 

The further constraint that the current density is uniform such that 
the charge density is uniform, corresponding to an equipotential, 
minimum energy surface is exactly satisfied by the using orbitsphere-cvf 
as a basis element to generate Y o o (0,e). Utilizing the symmetry properties 
of each component of the orbitsphere-cvf corresponding to either STEP 
ONE or STEP TWO and the orthonormality of the trigonometric functions 
that generate the orbitsphere-cvf, a convolution operator comprising an 
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autocorrelation-type function gives rise to the spherically-symmetric 
current density, y o °(0,0). The operator comprises the convolution of each 
great circle current loop of the orbitsphere-cvf designated as the primary 
orbitsphere-cvf with a second orbitsphere-cvf designated as the 
secondary orbitsphere-cvf. The angular momenta of the convolved 
elements are matched. The elements are also orientation matched by 
rotation of the secondary about the appropriate axis (axes), and the 
elements are phase matched using a rotation of each secondary 
orbitsphere-cvf element about its C-axis. The convolution is over the 
angular span 0 = 0 to 0 = 2it corresponding to the rotation of the basis- 
current loop which generated the primary orbitsphere-cvf. The angular 
momenta of the secondary elements project onto the resultant angular 
momentum axis, L R -axis, of the primary orbitsphere-cvf equivalently to 
those of its great circles. The resulting exact uniform current distribution 
obtained from the convolution has the same angular momentum 

ft fl 

distribution, resultant, L R , and components of and L * = 2 aS th ° Se 

of the orbitsphere-cvf used as a primary basis element. 

Convolution Operator 

The orbitsphere-cvf comprises two components corresponding to 
each of STEP ONE and STEP TWO. As shown for STEP TWO, the angular 
momentum vector is stationary on the (-i^i^i.J-axis as the component 
orbitsphere-cvf is generated by the series of nested rotations using Eq. 
(1.70b). It is shown in Appendix III that STEP TWO can also be 
generated by a 2^-rotation of a single basis-element current loop about 
the (-i x ,i y ,i,)-axis. In the general case that the resultant angular 
momentum of each pair of orthogonal great circle current loops of the 
component orbitsphere-cvf is along the 2;r-rotational axis (defined as the 
rotational axis which generates the component orbitsphere-cvf from a 
basis-element great circle), a secondary nth component orbitsphere-cvf 
can serve as a basis element to match the angular momentum of any 
given nth great circle of a primary component orbitsphere-cvf. The 
replacement of each great circle of the primary orbitsphere-cvf with a 
secondary orbitsphere-cvf of matching angular momentum, orientation, 
and phase comprises an autocorrelation-type function that exactly gives 
rise to the spherically-symmetric current density, Y o o (4>,0). 

The orbitsphere-cvf comprises the superposition or sum of the 
components corresponding to STEPS ONE and STEP TWO. Thus, the 
convolution is performed on each component. The convolution of a 
secondary component orbitsphere-cvf element with the each great circle 
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current loop of a primary orbitsphere-cvf comprising two components is 
designated as the convolution operator, A(<l>,0) 9 given by 

i *ff» f-4 _ m a \\ 

'STEPONE 



7n 



2n 

m 



(1.73c) 



wherein the secondary component orbitsphere-cvf is defined by the 
symbol 0(r n ,0,0)--cv/) and each rotated great circle of each component 
orbitsphere-cvf of STEP M is defined by the symbol GC^^ ,0 M ). In Eq. 
(1.73c), the angular momentum of each secondary component 
orbitsphere-cvf is equal in magnitude and direction as that of the current 
loop with which it is convolved. Furthermore, the orientations and 
phases of the convolved elements are matched by rotating the secondary 
component orbitsphere-cvf about the appropriate principle axis (axes) 
and about the C^-axis along its angular momentum vector, respectively. 
With the magnitude of the angular momentum of the secondary 
component orbitsphere-cvf matching that of the current loop which it 
replaces during the convolution and the loop then serving as a unit 
vector, the angular momentum resulting from the convolution operation 
is inherently normalized to that of the primary component orbitsphere- 
cvf. 

The convolution of a sum is the sum of the convolutions. Thus, the 
convolution operation may be performed on each of STEP ONE and STEP 
TWO separately, and the result may be superposed in terms of the 
current densities and angular momenta. 



A«t> f 6) = \ 



2ft 

lim X 0(r n , 0, 0) ® % 6 - GCnaw 



(1.73d) 



+ lim 

Factoring out the secondary component orbitsphere-cvf gives 

2* 2k 

limX gc stepone{<PA)+ lim X GC * 



A{<f>>8) = \o{r ny <l> y 0)-cvf 



'STEPTWO 



(1.73e) 

The summation is the operator that generates the component 
orbitsphere-cvf of STEP M, 0 M (r a ,<p,e)-cvf. Thus, the current-density 
function is given by the primary orbitsphere-cvf squared comprised of 
two superimposed components. 
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Aifrff) = -Wtf - cvf{r n &9) + 0 2 2 - cyf{r n ,<t>,9)) ( 1 .74f ) 

The orbitsphere-cvf squared given in Eq. (1.74f) is the equation of a 
uniform sphere. The superposition of the uniform distributions from 
STEP ONE and STEP TWO is the exact uniform current density function 
Y o °(4>,0) that is an equipotential, minimum energy surface shown in Figure 
13. The angular momentum is identically that of the superposition of the 

component orbitsphere-cvfs of the primary orbitsphere-cvf, and 
L t =- given by Eqs. (1.73a- 1.73b). 

RESONANT PRECESSION OF THE SPIN-l/2-CURRENT-DENSITY 
FUNCTION GIVES RISE TO THE BOHR MAGNETON 

The Stern Gerlach experiment described below demonstrates that 
the magnetic moment of the electron can only be parallel or antiparallel 
to an applied magnetic field. In spherical' coordinates, this implies a spin 
quantum number of 1/2 corresponding to an angular momentum on the 

z-axis of However, the Zeeman splitting energy corresponds to a 

2 

magnetic moment of fi B and implies an electron angular momentum on 
the z-axis of ft— twice that given by Eq. (1.68-1.71). Consider the case of a 
magnetic field applied to the orbitsphere. The magnetic moment 
corresponding to the angular momentum along the z-axis results in the 
alignment of the z-axis of the orbitsphere with the magnetic field while 

the — resultant vector in the xy-plane causes precession about the 
4 

applied field. The precession frequency is the Larmor frequency given 
by the product of the gyromagnetic ratio of the electron, — , and the 

magnetic flux B [15]. The precessing electron can interact with a 
resonant photon that gives rise to Zeeman splitting — energy levels 
corresponding to parallel or antiparallel alignment of the electron 
magnetic moment with the magnetic field. The energy of the transition 
between these states is that of the resonant photon. The angular 

momentum of the precessing orbitsphere comprises the initial — 

projection on the z-axis and the initial — vector component in the xy- 
plane that then precesses about the z-axis. As shown in the Excited 
States of the One-Electron Atom (Quantization) section, conservation of 
the angular momentum of the photon of h gives rise to h of electron 
angular momentum. The parameters of the photon standing wave for the 
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Zeeman effect are given in the Magnetic Parameters of the Electron (Bohr 
Magneton) section and Box 1.2. 

The angular momentum of the orbitsphere in a magnetic field 



ft ' " 

comprises the static - projection on the z-axis (Eq. (1.73b)) and the - 



ft 



2 



4 



vector component in the xy-plane (Eq. (1.73a)) that precesses about the 
z-axis at the Larmor frequency. A resonant excitation of the Larmor 
precession frequency gives rise to a trapped photon with ft of angular 
momentum along a precessing S-axis. In the coordinate system rotating 
at the Larmor frequency (denoted by the axes labeled X Ri Y RJ and Z R in 



ft 

Figure 1.7), the X^-component of magnitude - and S of magnitude ft are 

stationary. The - angular momentum along X R with a corresponding 

magnetic moment of ^ (Eq. (28) of Box 1.2) causes S to rotate in the 

Y R Z„-plane to an angle of 8 = — such that the torques due to the Z R - 

3 

Pi ft 

component of - and the orthogonal X^-component of - are balanced. 

2 

7C ft 

Then the Z^-component due to S is ±ficos— = +-. The reduction of the 

ft 

magnitude of S along Z R from ft to - corresponds to the ratio of the X R - 

ft 

component and the static Z^-component of ^ = ~ 6 . Since the X R - 

2 



6 The torque balance can be appreciated by considering that S is aligned with Z R if 
the X^-component is zero, and the three vectors are mutually orthogonal if the X R - 

ft 

component is — . The balance can be shown by considering the magnetic energies 

resulting from the corresponding torques when they are balanced. Using Eqs. (23) 
and (25) of Box 1.2, the potential energy E v due to the projection of S's angular 

momentum of ft along Z R having — of angular momentum is 

E v = fi B Bcose = n B | B, M cosO = Uxo^ cosO ( i ) 

where is the flux due to a magnetic moment of a Bohr magneton and CO^ is the 

corresponding gyromagnetic frequency. The application of a magnetic moment 
along the X^-axis causes S to precess about the Z R and X^-axes. In the X R Y R Z R - 
frame rotating at (0^ S precesses about the X^-axis: The corresponding 
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component is the Z fi -component of S is | which adds to the initial - 
component to give a total Z^-component of h. 



n 



precession energy E Xg of S about the j^-component of - is the corresponding 
Larmor energy 

E x =-ifta>, <2) 

The energy E z of the magnetic moment corresponding to S rotating about Z„ 

having — of angular momentum is the corresponding Larmor energy: 
2 

^Z. — 2 Mb 

At torque balance, the potential energy is equal to the sum of the Larmor energies: 



•4 

h 2) 



(O, = —h(D n cosfl (4) 



Balance occurs when 0 = y. Thus, the intrinsic torques are balanced. 

Furthermore, energy is conserved relative to the external field as well as the 
intrinsic, Z R and X^-components of the orbitsphere, and the Larmor relationships 
for both the gyromagnetic ratio and the potential energy of the resultant magnetic 
moment are satisfied as shown in Box 1.2. 
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Figure 1.7. The angular momentum components of the orbitsphere and S 
in the rotating coordinate system X R , Y R , and Z R that precesses at the 
Larmor frequency about Z R such that the vectors are stationary. 




h 

4 

h_ 

2 

h 

2 



In summary, since the vector S that precesses about the z-axis at 
an angle of 0 = — and an angle of ^ = ^ with respect to given by Eq. 

(1.73a) and has a magnitude of h, the S projections in thcX R y fi -plane and 
along the Z^-axis are 

S x =ftsinf = ±^i, (l-74a) 

^ = ±^1 = +!^ (1.74b) 

The plus or minus sign of Eqs. (1.74a) and (1.74b) corresponds to the two 
possible vector orientations which are observed with the Stern-Gerlach 
experiment described below. The sum of the torques in the external 
magnetic field is balanced unless an RF field is applied to cause a Stern- 
Gerlach transition as discussed in Box 1.2. 
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Figure 1 8. The angular momentum components of the orbitsphere and S 
in the stationary coordinate system. S and the components in the xy- 
plane precess at the Larmor frequency about the z-axis. 




ft 
4 
h 

2 

h 

2 



As shown in Figure 1.8, S forms a cone in time in the nonrotating 
laboratory frame with an angular momentum of ft that is the source of 
the known magnetic moment of a Bohr magneton (Eq. (28) of Box 1.2) as 
shown in the Magnetic Parameters of the Electron (Bohr Magneton) 

section. The projection of this angular momentum onto the z-axis of - 

adds to the z-axis component before the magnetic field was applied to 
give a total of ft. Thus, in the absence of a resonant precession, the z- 

component of the angular momentum is |, but the excitation of the 

processing S component gives ft— twice the angular momentum on the z- 
axis In addition, rather than a continuum of orientations with 
corresponding energies, the orientation of the magnetic moment must be 
only parallel or antiparallel to the magnetic field. This arises from 
conservation of angular momentum between the "static" and "dynamic" z- 
axis projections of the angular momentum with the additional constraint 
that the angular momentum has a "kinetic" as well as a "potential" or 
vector potential component. To conserve angular momentum, flux 
linkage by the electron is quantized in units of the magnetic flux 
quantum, 4> 0 = — , as shown in Box 1.2 and in the Electron g Factor section. 
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Thus, the spin quantum number is s = ^;m, = ±^, but the observed 

Zeeman splitting corresponds to a full Bohr magneton due to h of angular 
momentum. This aspect was historically felt to be inexplicable in terms 
of classical physics and merely postulated in the past. 

The demonstration that the boundary conditions of the electron in a 
magnetic field are met appears in Box 1.2. The observed electron 
parameters are explained physically. Classical laws give 1.) a 
gyromagnetic ratio of 2.) a Larmor precession frequency of — , 3.) 

the Stern-Gerlach experimental result of quantization of the angular 
momentum that implies a spin quantum number of 1/2 corresponding to 

an angular momentum of | on the z-axis, and 4.) the observed Zeeman 

■eh 

splitting due to a magnetic moment of a Bohr magneton ^s-^" 

corresponding to an angular momentum of" h on the z-axis. Furthermore, 
the solution is relativistically invariant as shown in the Special 
Relativistic Correction to the Ionization Energies section. Dirac originally 
attempted to solve the bound electron physically with stability with 
respect to radiation according to Maxwell's equations with the further 
constraints that it was relativistically invariant and gave rise to electron 
spin [16]. He was unsuccessful and resorted to the current mathematical 
probability-wave model that has many problems as discussed in 
Appendix II: Quantum Electrodynamics (QED) is Purely Mathematical and 
Has No Basis in Reality. 

ROTATIONAL PARAMETERS OF THE ELECTRON (ANGULAR 
MOMENTUM, ROTATIONAL ENERGY, AND MOMENT OF INERTIA) 

One result of the correlated motion along great circles is that some 
of the kinetic energy is not counted in the rotational energy. That is, for 
any spin axis there will be an infinite number of great circles with planes 
passing through that axis with 9 angles other than 90°. All points on any 
one of these great circles will be moving, but not all of that motion will be 
part of the rotational energy; only that motion perpendicular to the spin 
axis will be part of the rotational energy. Thus, the rotational kinetic 
energy will always be less than the total kinetic energy. Furthermore, 
the following relationships must hold. 

E . ,=-IO) 2 <-my o- 75 ) 

^rotational O 9 

/«$ft < 176 > 
I*mS < 1T7 > 
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Furthermore, it is known from the Stern-Gerlach experiment that a beam 
of silver atoms splits into two components when passed through an 
inhomogeneous magnetic field. This experiment implies a magnetic 
moment of one Bohr magneton and an associated angular momentum 
quantum number of 1/2. Historically, this quantum number is called the 
spin quantum number, and that designation will be retained. The 
angular momentum can be thought of arising from a spin component or 
equivalently an orbital component of the spin. The z-axis projection of 
the spin angular momentum was derived in the Spin Angular Momentum 
of the Orbitsphere with Jt = 0 section. 

L ? =/^=±f (1-78) 

mm 

where wis given by Eq. (1.55); so, 
1=0 



m e r 



Thus, 



J = f = (1.80) 

Z spin ^ 



From Eq. (1.51), 



F =Ul a> 2 ] (181) 

^rotational spin ^ I M spin w J 



From Eqs. (1.55) and (1.80), 

if. ( H « 



17 = TT 

^rotational ^rotational spin " ^ 



spin 



(1.82) 



When 1. * 6, the spherical harmonic is not a constant and the charge- 
density function is not uniform over the orbitsphere. Thus, the angular 
momentum can be thought of arising from a spin component and an 
orbital component. 

Derivation of the Rotational Parameters of the Electron 

In the derivation of Eq. (1.59) and its solution for 

^rotational 

(Eq. 

(1.60)), the moment of inertia, /, was assumed by McQuarrie [12] to be 
the moment of inertia of a point particle, mr*. However, the correct 
equation of the electron is a two dimensional shell with a constant or a 
constant plus a spherical harmonic angular dependence. In that case, the 
relationships given by Eqs. (1.75) to (1.77) must hold. 

The substitution of C,J for / in the rigid rotor problem [12] where 
C, is a positive constant does not change the form of the previous solution 
given by Eq. (1.60). However, the result that 
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derived below gives 



<1 



(1.83) 



h 2 e(£ + 1) (1.84) 

t^mrto™,/ 2/(£ 2 +2£ + l) 

and gives the moment of inertia of the orbitsphere, I^,, where I * 0 as 



- 1 orbital * m e r n W^ 2 + 2^ + 1 



) 



(1.85) 



The solution of Eq. (1.59) for |Ll , the magnitude of the orbital angular 
momentum, is [12] 

iLMv^i) u (1 T f 6) 

where / of Eq. (1.59) is the moment of inertia of a point charge. It is 
demonstrated by Eq. (1.57) that the total sum of the magnitudes of the 
angular momenta of the infinitesimal points of the electron orbitsphere is 
h- therefore, the magnitude of the angular momentum of an electron 
orbitsphere about the z-axis must be less than h, and the corresponding 
moment of inertia must be less than that given by mrf. For example, the 
moment of inertia of the uniform spherical shell, is [17] 

2 2 (1.87) 

**s = j^- 
Thus, Eq. (1.86) must be multiplied by a constant, 0 < C 2 < 1 , to give the 
correct angular momentum. Given that generally L is 

L = /ft*< (188) 

where to is given by Eq. (1.55). The orbital moment of inertia, 7^, is 

i oMal =mf„c 2 4iW^\) (1 - 90) 

The total kinetic energy, T, of the orbitsphere is 

2 ' ' 

Substitution of Eq. (1.56) gives 

r = _jl_ (1-92) 

E . . of the rigid shell is given by Eq. (1.51) with / given by Eq. (1.87). 

rotational ° * • i • j i_ s~*1 n 

E , of the orbitsphere is given by Eq. (1.60) multiplied by C 2 so 

^rotational orbital jt _ 

that Eqs. (1.75) to (1.77) hold with I = m e r n . 

F =C 2 —£(t + \) (1-93) 

C-^ri—al orbital *-*2 o , 'V 6 T V 



2/ 
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Eq. (1.59) can be expressed in terms of the variable x which is 
substituted for cos©. The resulting function P(x) is called Legendre's 
equation and is a well-known equation in classical physics. It occurs in a 
variety of problems that are formulated in spherical coordinates. When 
the power series method of solution is applied to P(x), the series must be 
truncated in order that the solutions be finite at x = ±l. The solution to 
Legendre's equation given by Eq. (1.60) is the maximum term of a series 
of solutions corresponding to the m and X values [12, 18]. The rotational 
energy must be normalized by the total number of states— each 
corresponding to a set of quantum numbers of the power series solution. 
As demonstrated in the Excited States of the One-Electron Atom 
(Quantization) section, the quantum numbers of the excited states are 

n = 2,3,4,. .. 

Jt = l,2,...,n — 1 

m—- X, — X +1,...,0,...,+ * 

In the case of an orbitsphere excited state, each rotational state solution 
of Eq. (1.59) (Legendre's equation) corresponds to a multipole moment of 
the charge-density function (Eq. (1.65)). E nMmtluttM is normalized by N u , 
the total number of multipole moments. N ts , the total number of 
multipole moments where each corresponds to an X and m^ quantum 
number of an energy level corresponding to a principal quantum number 
of n is 

Thus, C\ is equal to ^ given by Eq. (1.94). Substitution of Eq. (1.94) into 
Eqs. (1.90) and (1.93) gives 

_*\J(^]^JJ\ = *\JJ\ (1.95) 

Substitution of Eq. (1.94) into Eq. (1.90) with Eqs. (1.55) and (1.90) gives 
the orbital moment of inertia and angular momentum: 

mr'fX (1.96a) 



^ orbital 



J 



J ^-"w^WTTT 



In the case of the excited states, the orbitsphere charge-density function 
for 1*0, Eq. (1.65), is the sum of two functions of equal magnitude. L„ 
total is given by the sum of the spin and orbital angular momenta. The 
principal energy levels of the excited states are split when a magnetic 
field is applied. The energy shifts due to spin and orbital angular 
momenta are given in the Spin and Orbital Splitting section. 
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1*0 

i -I +L (1-97) 

total ~ ^ispin T orbital 

Similarly, the orbital rotational energy arises from a spin function (spin 
angular momentum) modulated by a spherical harmonic angular function 
(orbital angular momentum). The time-averaged mechanical angular 
momentum and rotational energy associated with the traveling charge- 
density wave on the orbitsphere is zero: 

(A orbital) = 0 
(j^ rotational orbital ) ^ 

And, in the case of an excited state, the angular momentum of h is 
carried by the fields of the trapped photon. The amplitudes that couple 
to external magnetic and electromagnetic fields are given by Eq. (1.95) 
and (1.96), respectively. The rotational energy due to spin is given by Eq. 
(1.82), and the total kinetic energy is given by Eq. (1.92). The 
demonstration that the modulated orbitsphere solutions are solutions of 
the wave equation appears in Box 1.1. 



(1.98a) 
(1.98 b) 



BOX 1.1. DERIVATION OF THE ROTATIONAL PARAMETERS OF 
THE ELECTRON FROM A SPECIAL CASE OF THE WAVE EQUATION— 
THE RIGID ROTOR EQUATION 



For a time harmonic charge-density function, Eq. 
becomes 

d 2 



(1.49) 




0 



(1) 



Substitution of the velocity about a Cartesian coordinate axis, v = pa>, into 
Eq. (1) gives 

(2) 




— — sinf?— 
sinddeK de 




Substitution of Eq. (1.55) into Eq. (1.2) gives 



1 



r 2 sin 9 56 \ 



w l sin 9 »L + ~^eWl, ( _Hj 



A(e,<t>)=o 



(4) 



Multiplication by the denominator of the second term in Eq. (3) gives 



( P m e r„ 2 ) [r 2 sin 0<?fl( 



d ( ■ a d 
— sine- 
sin 9 96 V 99 




+ (0 




(4) 
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Substitution of Eq. (1.51) gives 

2P 1 d ( . a d 

sin 9 



sin© 99 



(*^l/75^(^L] +2 f ,t 



A(0,0) = O (5) 



The total rotational energy is given by the superposition of Jl quantum 
states corresponding to a multipole expansion of total rotational energy of 
the orbitsphere. The total number, N, of multipole moments where each 
corresponds to an I and ni| quantum number of an energy level 
corresponding to a principal quantum number of n is 

N = £ 1 = £ 2t + l = £ 2 +2e + l = (£ + lf =n 2 (6) 

Summing over all quantum states gives 

rt _, +, / x V 

L I 



V m t r n J 



1 d( . a d 
, — sin0— 

r 2 sin0<?0l <?0 



(**sL + 7S75( 




n-l +f 



<=0 m ( =-/ 



A(0,0) = O 
(7) 

Each of the orbital energy, orbital moment of inertia, and orbital angular 
momentum is a modulation of the orbitsphere function. Thus, the sum of 
p 2 over all £ quantum numbers is r„ 2 . Substitution of 
p z = r n cos 0; p T = r n sin 0 cos 0; p v = r„ sin 0sin <f> into Eq. (7) gives 

+ (^ 2 +2£ + l)^- 



r~* /? * rx n i - » r « 



/4(0,0) = O 



where 



2E 



(8) 

is the constant, (o n given by Eq. (1.55), and r = r„. Eq. (8) can 

i 

be expressed in terms of the rotational energy of any given mode by 
dividing the denominator of the first term by, K 2 , the factor 
corresponding to the vector projection of the rotational energy onto the z- 
axis. 

d 2 



in 2 \ 1 d ( d \ | 1 ( 
2m 2 r*(£ 2 + 2e + l)[sin9de{ d0J^ sin 2 d{ 



dp 




+ E 



rot 




(9) 

In the case that E m , is the total rotational energy which is equal to the 

kinetic energy of the orbitsphere given by Eq. (1.92) and that the 

moment of inertia is given by 

l = m t r\ (10) 

Eq. (9) becomes equivalent to Eq. (1.59). 



1*1 
N2I 



i b ( . . a 

— sinO— 

sindddK 96 
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(H) 

where N is one. Eq. (11) applies to all of the multipole modes of the 
rotational energy with the appropriate moment of inertia, /, and factor 
N; thus, the rotational energy of each mode is given by Eq. (1.58) with 
these conditions. Eq. (9) can be expressed in terms of the rotational 
energy of any given mode by dividing the first term by, K 2 , the factor 
corresponding to the vector projection of the rotational energy and the 
moment of inertia onto the z-axis. 

where in tne case oi the spherical harmonics, N = t +2£+l 
(1.51) and Eq. (1.88), Eq. (12) can be expressed as 



/ft 2 


1 d 


2m 2 r B 4 tf 2 (* 2 +2£ + l) 


sin e de 



(12) 



ft 2 


i a 


m 2 r?K 2 (e 2 +2e + l) 


sin e de 



(13) 



In the case of the spherical harmonic functions with Eq. (1.88) and Eq. 
(1.55), Eq. (12) gives 

L ft 



ft 2 (l(l + l)) L_ 
m 2 e r 4 n K 2 (£ 2 +2e + \) J m e r 



2 
n 



(14) 



Thus, 



(15) 



(1(1 + 1)) _ y 
^(e 2 + 2£ + l) 

Eq. (12) becomes Eq. (11) where the rotational energy is given by Eq. 
(1.95). 

_ft 2 [ l(l + l) 1 



rotational orbital 

and the orbital moment of inertia is given by Eq. (1.96). 

The Substitution of Eqs. (1.65), (6), and (16 ) into Eq. (11) gives 

ft 2 



(16) 



(17) 



ft 2 r £(£+i) i 

2/U 2 + 2^ + l J 



2m t r 2 n e 2 + 21 + 1 
Substitution of Eq. (17) into Eq, (18) gives 

ft 2 T ll£ + \\ "I ft 2 



(18) 



2m 
0 = 0 



r 2 I 1(1 + 1) 

'• " \£ 2 +2e+i 



ie+2£+i] 



2mrt 

€ n 



£(£+!) -Q 



r +2i+i 



(19) 



(20) 



Thus, the modulated orbitsphere solutions are shown to be 
solutions of the wave equation by their substitution into the wave 
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equation (Eqs. (18-20). The present derivation of the rigid rotor equation 
given by the substitution of 



k =-lo>l 

rot ^ n 



(0. = 



(21) 



v = A 



v = pt»„ 

is consistent with the wave equation relationship: 

to 

In (22) 
Whereas, Schrodinger derivation from the Helmholtz equation [1] with 
the substitution of 

(23) 

gives the rigid rotor equation with the paradox that 

2 _ h a> 

V ~ m € 2k (24) 
which is not the wave relationship, 

(0 

2/r (25) 



v = A 



1. McQuarrie, D. A., Quantum Chemistry . University Science Books, Mill 
Valley, CA, (1983), pp. 78-79. 



MAGNETIC PARAMETERS OF THE ELECTRON (BOHR MAGNETON) 

The Magnetic Field of an Orbitsphere from Spin 

The orbitsphere with 1= 0 is a shell of negative charge current 
comprising correlated charge motion along great circles. The 
superposition of the vector projection of the orbitsphere angular 

momentum on the z-axis is - with an orthogonal component of -. As 

shown in the Orbitsphere Equation of Motion for £= 0 section, the 
application of a magnetic field to the orbitsphere gives rise to a 
precessing angular momentum vector S directed from the origin of the 

orbitsphere at an angle of 0 = ^ relative to the applied magnetic field. 

The precession of S with an angular momentum of h forms a cone in the 
nonrotating laboratory frame to give a perpendicular projection of 
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magnetic field of S„=±^ (Eq. (1.74b)). The superposition of the - z-axis 

2 2 

h 

component of the orbitsphere angular momentum and the - z-axis 

2 

» 

component of S gives ft corresponding to the observed magnetostatic 
electron magnetic moment of a Bohr magneton. The h of angular 
momentum along S has a corresponding precessing magnetic moment of 
1 Bohr magneton [19]: 

eh 

Hb = tt- = 9.274 X 10" 24 JT- 1 ( 1 . 99) 



The rotating magnetic field of S is discussed in Box 1.2. The 
magnetostatic magnetic field corresponding to \l b derived below is given 
by 

H = -^3 (i r cos 9 - i e sin 8) for r <r n (1.1 00) 

m e r n 

H = -^(i r 2cos0 + i,sin0) for r>r n (1.101) 
2m e r 

It follows from Eq. (1.99), the relationship for the Bohr magneton, and 
relationship between the magnetic dipole field and the magnetic moment 
m [20] that Eqs. (1.100) and (1.101) are the equations for the magnetic 
field due to a magnetic moment of a Bohr magneton, m = // B i, where 
i s = i r cos 6-i e sin0. Note that the magnetic field is a constant for r<r„. See 
Figure 1.9. It is shown in the Magnetic Parameters of the Electron (Bohr 
Magneton) section that the energy stored in the magnetic field of the 
electron orbitsphere is 

_ 7Cfi 0 e 2 h 2 
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Figure 1.9. The magnetic field of an electron orbitsphere (z-axis defined 
as the vertical axis). 




The magnetic 
field is constant 
inside of the 
orbitsphere. 



Derivation of the Magnetic Field 

For convenience the angular moment vector with a magnitude in 
the stationary frame of ft will be defined as the z-axis as shown in Figure 
1.97 . The magnetic field must satisfy the following relationships: 

V • H = 0 in free space (1.103) 



nX(H a -H 6 ) = K 
n(H ff -HJ = 0 



H = -Vy/ 



(1.104) 
(1.105) 
(1.106) 



Since the field is magnetostatic, the current is equivalent to current loops 
along the z-axis. Then, the z-component of the current, for a current 
loop of total charge, e, oriented at an angle 9 with respect to the z-axis is 
given by the product of the charge, the angular velocity given by Eq. 
(1.55), and sin0 where the projection of the current of the orbitsphere 
perpendicular to the z-axis which carries the incremental current, ii,, is a 

function of sin0. 



7 As shown in Box 1.2, the angular momentum of ft on the S-axis is due to a photon 
standing wave that is phase-matched to a spherical harmonic source current, a 
spherical harmonic dipole Y t m {$,<!>) = sin 0 with respect to the S-axis. The dipole 
spins about the S-axis at the angular velocity given by Eq.(1.55). Since the field is 
magnetostatic in the RF rotating frame, the current is equivalent to current loops 
along the S-axis. Thus, the derivation of the corresponding magnetic field is the 
same as that of the stationary field given in this section. 



© 2003 by BlackLight Power, Inc. All rights reserved. 



H-A** (1107) 

m,r„ 

The angular function of the current density of the orbitsphere is 
normalized by the geometrical factor N [17] given by 

N _ _ 3 (1.108) 

corresponding to the angular momentum of ft. (Eq. (1.108) can also be 
expressed in spherical coordinates for the density of a uniform shell 
divided by the integral in 0 and <p of that of a spherical dipole squared 

[12]. The integration gives ^ which normalized by the uniform mass- 
density factor of An gives the geometrical factor of ) The current 
density Ki, along the z-axis having a vector orientation perpendicular to 
the angular momentum vector is given by dividing the magnitude of it, 
(Eq. (1.107)) by the length r n . The current density of the orbitsphere in 
the incremental length dz is 

K<p.fco-vvA=i,fA (1109) 

Because 

Z = rcose U-»o) 
the differential length is given by 

dz = -s\ndr n dd (LIU) 
and so the current density in the differential length r„d0 as measured 
along the periphery of the orbitsphere is a function of sin 6 as given in Eq. 
(1.107). From Eq. (1.109), the surface current-density function of the 
orbitsphere about the z-axis (S-axis) is given by 

K(r,*,«» = i, f^sine d-112) 

L m t r n 

Substitution of Eq. (1.112) into Eq. (1.104) gives 

w -_ H * = 3_??_ sine (1.113) 
2 m t r a 

To obtain H e , the derivative of ¥ with respect to 0 must be taken, and 

this suggests that the 9 dependence of *F be taken as cos0. The field is 

finite at the origin and is zero at infinity; so, solutions of Laplace's 

equation in spherical coordinates are selected because they are consistent 
with these conditions [21]. 
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1 1 1 
(1.114) 



2 

cos0 ; r>r n 



(1.115) 



The negative gradients of these potentials are 

H = — (i r cos e-i B sin0) for r<r„ (1.116) 



H = iir^|(i f 2cos0 + i 9 sin0) for r>r„ 0-117) 

The continuity conditions of Eqs. (1.104), (1.105), (1.112). and I (1.113) are 
applied to obtain the following relationships among the variables 

-C 2A (1,118) 



r r„ 



A_C = 3_eh_ (1.119) 

Solving the'" variables' "algebraically gives the magnetic fields of an 
electron: 

H = _^_ (ir cos 0-i, sin0) for r<r„ (1.120) 



H = -^ T (i r 2cose + i e sin0) for r>r n (1.121) 

The field is th7; r of a Bohr magneton which matches the observed 
boundary conditions given in the Orbitsphere Equation of Mofcon taM 
Son including the required spherical symmetry. The demon^aUon 
that the boundary conditions of the electron in a magnetic field are met 
appears in Box 1.2. 

Derivation of the Energy 

The energy stored in the magnetic field of the electron is 

^4MJ] HVsin0Jr ^ (1122) 



2 ooo 



r _p + E (1123) 

£>naj total ~~ ^mag external " r ^woi internal 



2003 by BlackLight Power, Inc. All rights reserved. 
C— =|/i/n)[^T(cos^ + sin 2 9> 2 sinftf^ (1.124) 
= 2^ 0 e 2 ft 2 (1.125) 

^mo* internal 3/n 2 /* 3 

< 

«U— j|j[^3j(4cos 2 0 + sin^> J sinftirrfft«> (1.126) 

flju 0 e 2 ft 2 (1.127) 

^mag externa) 2^3 

2*^' jqu/fl* (1.128) 
E = W 2 * 2 (1.129) 



= 4w4 (1.130) 

^mag total 



BOX 1.2. BOUNDARY CONDITIONS OF THE ELECTRON IN A 
MAGNETIC FIELD ARE MET 

As shown in the Electron g Factor section, when a magnetic field 
with flux B is applied to an electron in a central field which comprises 
current loops, the orbital radius of each does not change due to the 
Lorentzian force provided by B, but the velocity changes as follows [1]: 

Av = ^* (1) 
2m t 

corresponding to precession frequency of 

Av eB cy\ 

r 2m e 

where y e is the electron gyromagnetic ratio and <o is the Larmor 
frequency. Eq. (1) applies to the current perpendicular to the magnetic 
flux. In this case, the moment of inertia / of the orbitsphere which is a 
uniformly charged sphere [2] is 

7=2 2 (3) 
3 eX 
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From Eqs. (2) and (3), the corresponding angular momentum L and 
rotational energy E m are 

(4) 



L = l(x> = \mrfyB 
3 



and 



E m =\ltf = \mA{ytf (5) 

respectively. The change in the magnetic moment corresponding to Eq. 
(1) is [1]: 

Am = -^B (6) 

Using Eqs. (2-6), in the case of a very strong magnetic flux of 10 T 

applied to atomic hydrogen: 

(O = 8.794 X 10' 1 rod ■ sec - ' ( 7 ) 

/ = 1.701 X 10" 5 ' kg m 2 ( g ) 

L = 1 .496 X 10' 39 J s - ( 9 > 

E =6.576X10- 28 y = 4.104X10 _9 eV (10) 

rot 

and 

6m = 1.315 XlO'^r 1 (ID 
where the radius is given by Eq. (1.229) and 2/3, the geometrical factor 
of a uniformly charged sphere [2], was used in the case of Eq. (11). Thus, 
these effects of the magnetic field are very small when they are 
compared to the intrinsic angular momentum of the electron of 

L = ft = 1.055 X10" 34 J s (12) 
The electronic angular frequency of hydrogen given by Eqs. (1.55) and 

(1.229) 

co. =-^- = 4. 134 XI 0' 6 rod- sec"' (13) 
m t r, 

the total kinetic energy given by Eq. (1.231) 

T= 13.606 eV (I 4 ) 
and the magnetic moment of a Bohr magneton given by Eq. (1.99) 

ll a = — = 9.274 X 10 _M JT~ % ( 1 5 ) 

E nl is the energy that arises due to the application of the external flux B. 
Thus, the external work required to apply the field is also given by Eq. 
(10). Since the orbitsphere is uniformly charged and is superconducting, 
this energy is conserved when the field is removed. It is also 
independent of the direction of the magnetic moment due to the intrinsic 
angular momentum of the orbitsphere of h. The corresponding magnetic 
moment given by Eq. (6) does not change when the intrinsic magnetic 
moment of the electron changes orientation. Thus, it does not contribute 
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to the energy of a spin-flip transition observed by the Stern Gerlach 
experiment. It always opposes the applied field and gives rise to the 
phenomenon of the diamagnetic susceptibility of materials which Eq. (6) 
predicts with very good agreement with observations [1]. Eq. (6) also 
predicts the absolute chemical shifts of hydride ions that match 
experimental observations as shown in the Hydrino Hydride Ion Nuclear 
Magnetic Resonance Shift section. 

As shown in the Spin Angular Momentum of the Orbitsphere with I 
= 0 section, the angular momentum of the orbitsphere in a magnetic field 

h ft 
comprises the initial - projection on the z-axis and the initial - vector 

component in the xy-plane that precesses about the z-axis. A resonant 
excitation of the Larmor precession frequency gives rise to an additional 
component of angular momentum which is consistent with Maxwell's 
equations. As shown in the Excited States of the One-Electron Atom 
(Quantization) section, conservation of the ft of angular momentum of a 
trapped photon can give rise to ft of electron angular momentum along 
the S-axis. The photon standing waves of excited states are spherical 
harmonic functions which satisfy Laplace's equation in spherical 
coordinates and provide the force balance for the corresponding charge 
(mass)-density waves. Consider the photon in the case of the precessing 
electron with a Bohr magneton of magnetic moment along the S-axis. 
The radius of the orbitsphere is unchanged, and the photon gives rise to 
current on the surface that satisfies the condition 

V 7 = 0 (16) 
corresponding to a rotating spherical harmonic dipole [3] that phase- 
matches the current (mass) density of Eq. (1.112). Thus, the electrostatic 
energy is constant, and only the magnetic energy need be considered as 
given by Eqs. (23-25). The corresponding central field at the. orbitsphere 
surface given by the superposition of the central field of the proton and 
that of the photon follows from Eqs. (2.10-2.17): 

E = — e —[y^(9 t <t>)i r + Re{y-(0,0)e^}i y 5(r - r, )] (17) 

where the spherical harmonic dipole Y t a {0,<t>) = sin 9 is with respect to the 
S-axis. Force balance according to Eq. (1.222) is maintained by the 
equivalence of the harmonic modulation of the charge and the mass 
where elm t is invariant as given in the Special Relativistic Correction to 
the Ionization Energies section. The dipole spins about the S-axis at the 
angular velocity given by Eq. (1.55). In the frame rotating about the S 
axis, the electric field of the dipole is 

E = — — rsindsin^5(r-r,)i. (18) 
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E = — - — 5- (sin 6 sin (pi r + cos 9 sin <pi e + sin 6 cos 0, )5(r - r, ) (19) 

The resulting current is nonradiative as shown by Eq. (1.39) and in 
Appendix I: Nonradiation Based on the Electromagnetic Fields and the 
Poynting Power Vector. Thus, the field in the RF rotating frame is 
magnetostatic as shown in Figure 1.9 but directed along the S-axis. The 
time-averaged angular momentum and rotational energy due to the 
charge density wave are zero as given by Eqs. (1.98a) and (1.98b). 
However, the corresponding time-dependent surface charge density (<r) 
that gives rise to the dipole current of Eq. (1.112) as shown by Haus [4] is 
equivalent to the current due to a uniformly charged sphere rotating 
about the S-axis at the constant angular velocity given by Eq. (1.55). The 
charge density is given by Gauss' law at the two-dimensional surface: 

ff = -e 0 n V<H=,= -£on EL, < 20 > 
From Eq. (19), (a) is 

(a> = _fL^ sine - (21) 

and the current (Eq. (1.112) is given by the product of Eq. (21) and the 
constant angular frequency (Eq. (1.55)). The precession of the 
magnetostatic dipole results in magnetic dipole radiation or absorption 
during a Stern-Gerlach transition. The application of a magnetic field 
causes alignment of the intrinsic electron magnetic moment of atoms of a 
material such that the population of electrons parallel versus antiparallel 
is a Boltzmann distribution which depends on the temperature of the 
material. Following the removal of the field, the original random- 
orientation distribution is restored as is the original temperature. The 
distribution may be altered by the application of an RF pulse at the 

Larmor frequency. 

The application of a magnetic field with a resonant Larmor 
excitation gives rise to a processing angular momentum vector S of 
magnitude ft directed from the origin of the orbitsphere at an angle of 

$ = — relative to the applied magnetic field. S rotates about the axis of 

the applied field at the Larmor frequency. The magnitude of the 
components of S that are parallel and orthogonal to the applied field (Eqs 

(1.74a- 1.74b)) are - and J-ft, respectively. Since both the RF field and 

2 V 4 

the orthogonal components shown in Figure 1 .7 rotate at the Larmor 
frequency, the RF field that causes a Stern Gerlach transition produces a 
stationary magnetic field with respect to these components as described 
by Patz [5]. 
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The component of Eq. (1.74b) adds to the initial f parallel 

, nt *\ r,f fe in the stationary frame corresponding to a 
component to give a total of ft in tne J™ ' ■ rf h w in Ae 

Rations, and only the angular momentun .givej i by ^J^ 1 - 7 ^ 
the source current corresponding to EqJIJ) need b c ° n « dere does not 
does not change, the diamagnetic componen given from Eq. W 
contribute to the spin-flip transition as discussed *"J r J' ^ c P 
energy of a magnetic moment m in the presence of flux B [6] is 



The angular momentum of the electron gives rise to a magnetic moment 
2 * . Thus, the energy AE- to switch from parallel to antiparallel to the 

field is given by Eq. (1.136) (23) 

AE*^ =2/i B i x B = 2/x fi Bcos0 = 2/i B B 

In the case of an applied flux of 10 T, Eq (23) gives 

AE«"" = 1.855 X 10-° / = 1.158X lO'^V ^ 
ae- is also ""given by Planck's equation. It can be shown from 

ZlZ. - yew* 22?« 

^rtL^St BquaUo. of Motion for «- 0 

section. ^ of the orbitsphere angular momentum designated the stat.c 
component is initially parallel to the field. An additional | parallel 

Z&LZSTLZttJ&ZSr* "ne'e 2 

an applied magnetic field is [7] ^ 26) 

L = r x (m.v + eA) , . , ... 

a j c tho vector ootential evaluated at the location of the 
where A is the vector P 0 «™"" _ linked by the electron, 

orbitsphere. The circular integral of A is the flux iinxe y or 

During a Stern-Gerlach transition * if shown by 

emitted, and the ft component along S reverses direction. 
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u a narallel component of angular momentum 

^sr s jsrys?- ; - «r k ° ,ransi r„ 

rrvntv^ of — Conservation 01 
equal to the "kinetic angular momentum (rxmv) of % . 

, m ftf the orbitsphere requires that the static angular 
angular momentum of the °rbitspner j component of 

momentum component concomitantl Y J>»P»- ™ conc0 mitantly the 
angular momentum P- mic componen t must 

"potential angular momentum (rxeA) a 

change by -f due to the linkage of flux by the electron such that the total 
angul^ momentum ^ relationship bet ween the vector 

potential A and the flux B is (27) 

2nrA -nr B magnetic moment m is 

Eq . (27) can be substituted into Eq. (26) since tne magne 

given [6] as chaf ^ . angular momentum ' (28) 
and th e coning E,s. (23, and (25) in .his 

case as follows: 



e(r X eA) 2__£s. 

Am = 2^ 2m e 2 



ft 

e- (29) 



The r d^^ " d alj 

ISo'poLtia! along the axis of the applied field M 

A = cos-/io^2 = M. 2 2m/ * 
Substitution of Eq. (30) into Eq. (29) gives 

^ rX ^i2^^^ } __lfiS^l^- (3D 

2[2m,rJ2m e 



Am = - 



' — 2m, *t*«v j— -e _ 

• , r . „ f , n m a nd the current given by bq- 

n'nzr sf^ is C l ^U*e * .he„\=».<c copending .0 *e RF 
( P H o fl Id Th'e S ZJU. colons o, Eq. (3 1) are gW en by E . 
(1.218) and (1.219) and the relativKtic radius r-K g.ven By Eq 
The relativistically corrected Eq. (31) is 



The magnetic flux of the electron is given by 



(32) 
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VX A = B < 33) 
Substitution of Eq. (30) into Eq. (33) gives 1/2 the flux of Eq. (1.121). 

From Eq. (28), the | of angular momentum before and after the 
field is applied corresponds to an initial magnetic moment on the 
applied-field-axis of After the field is applied, the contribution of ^ 

from Eq. (29) with Eq. (27) gives a total magnetic moment along the 
applied-field-axis of /i B , a Bohr magneton, wherein the additional 
contribution (Eq. (28)) arises from the angular momentum of ft on the S- 
axis Thus, even though the magnitude of the vector projection of the 
angular momentum of the electron in the direction of the magnetic field 
is -, the magnetic moment corresponds to ft due to the - contribution 

from the dynamic component, and the quantized transition is due to the 
requirement of angular momentum conservation as given by Eq. (28). 

Eq. (22) implies a continuum of energies; whereas, Eq. (29) shows 
that the static-kinetic and dynamic vector potential components of the 

angular momentum are quantized at -. Consequently, as shown in the 

Electron g Factor section, the flux linked during a spin transition is 
quantized as the magnetic flux quantum: 

0» =A < 34 > 

Only the states corresponding to 

+ 1 (35) 
m=±— x 

2 

are possible due to conservation of angular momentum. It is further 
shown using the Poynting power vector with the requirement that flux is 
linked in units of the magnetic flux quantum, that the factor 2 of Eqs. 
(23) and (25) is replaced by the electron g factor. 

Thus in terms of flux linkage, the electron behaves as a 
superconductor with a weak link [9] as described in the Josephson 
Junction, Weak Link section and the Superconducting Quantum 
Interference Device (SQUID) section. Consider the case of a current loop 
with a weak link comprising a large number of superconducting electrons 
(e g. 10'°). As the applied field increases, the Meissner current increases. 
In equilibrium, a dissipationless supercurrent can flow around the loop 
driven by the difference between the flux *> that threads the loop and 
the external flux 0>, applied to the loop. Based on the physics of the 
electrons carrying the supercurrent, when the current reaches the critical 
current, the kinetic angular momentum change of - equals the 
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magnitude of the potential angular momentum change corresponding to 
me 8 vector potential according to Eqs. (26) and (31). As a consequence 
the flux is linked in units of the magnetic flux quantum as shown in the 
Electron g Factor section. 
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ELECTRON g FACTOR „™«n«i 
As demonstrated by Purcell [15], when a magnetic field is appl ed 
to an electron in a central field which comprises a current loop, the 
orbital radius does not change, but the velocity changes as follows: 

erB (1.131) 

Av = - — 

This corresponds to diamagnetism and gives rise to precession with a 
corresponding resonance as shown in Box 1.2. The angular momentum in 
the presence of an applied magnetic field is [15] 

L = r x (m,v + eA) * ' 

where A is the vector potential evaluated at the local ™ * 
orbitsphere. Conservation of angular momentum of the orbitsphere 
permits a discrete change of its "kinetic angular momentum" (rxmv) with 
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respect to the field of f, and concomitantly the "potential angular 
momentum" (rxeA) must change by -f. The flux change, 0, of the 

orbitsphere for r<r n is determined as follows [15]: 

ft » (1-133) 

AL = rxeA 

2 

Jh elnrA \ (1.134) 
"L2 2n f 

= rft_ £ 0j £ (1.135) 
In order that the^hange in angular momentum, AL, equals zero, <t> must 
be * 0 = A, the magnetic flux quantum. Thus, to conserve angular 

auantum by the orbitsphere "coils" comprising infinitesimal loops oi 
charge moving a!ong ge'odesics (great circles) A superconducting loop 
with a weak link also demonstrates this effect . 
The energy to nip the orientation of the orbitsphere due to its 

magnetic moment of a Bohr magneton, n„> » s (1 136) 

where m t 

eh (1.137) 

During the spin-flip transition, power must be conserved. Power flow is 
governed by the Poynting power theorem, 

v. (E xH, = -|[>.H]-|[i^.B]- J .B 

rf «i e JnS as a sum of contributions. The energy change corresponding 
» ST"c%«fre" ofThe magnetic flux auantum is derived below. From Eq. 
(1.129) for one electron, 
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numbers of fluxons where the quantum of magnetic flux is 3>o = ^- 

Consider Eq. (1.139). During the flip transition a fluxon treads the 
orbitsphere at the speed of light; therefore, the radius of the orbitsphere 
in the lab frame is 2n times the relativistic radius in the fluxon frame as 
shown in the Special Relativistic Correction to the Ionization Energies 
section. Thus, the energy of the transition corresponding to the "capture" 
of a fluxon by the orbitsphere, E^ m , is 

cflm . _ m.^n 2 (1.140) 

~* (m e f(27rr n f 

A*y ( e * Y h "| (1.14D 

4n 2 m t r n {2m e \leltr? ) 

=t¥-4^) (1142) 

An m t r n \ A J 

where A is the area and «l> 0 is the magnetic flux quantum. 

£ ^ =2 f^k]j_ „ 5 (1.143) 

where the nth fluxon treading through the area of the orbitsphere is 
equivalent to the applied magnetic flux. Furthermore, the term in 
brackets can be expressed in terms of the fine structure constant, a ,as 
follows: 

e 2 H„ e 2 n a cv (1.144) 



2m e r„ 2m e vr n c 



Substitution of Eq. (1.47) gives 

£lK_ = £££L (1.145) 
2m t r n 2hc 

Substitution of 



and 



C = J _L_ (1-146) 
Wo 

HqSc (1.147) 

2h 

e 2 ^cv _ 27ra v (1.148) 
2hc c ' 

The fluxon treads the orbitsphere at v = c (* is the lightlike * , then 

k = o>„/c). Thus, 

pfiuort _ 9_£L» g (1.149) 



gives 



•I 
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Stored Electric Energy ... 

The superposition of the vector projection of the orbitsphere 

angular momentum on the z-axis is | with an orthogonal component of 

- Excitation of a resonant Larmor precession gives rise to h on an axis S 
4' 

that precesses about the spin axis at an angle of 0 = -. S rotates about 
the z-axis at the Larmor frequency. Sj., the transverse projection, is 
+J|ft (Eq. (1.74a)), and S„, the projection onto the axis of the applied 
magnetic field, is ±\ (Eq. (1.74b)). As shown in the Spin Angular 

mm 

Momentum of the Orbitsphere with t = 0 section, the superposition of the 

- z-axis component of the orbitsphere angular momentum and the - z- 

axis component of S gives h corresponding to the observed electron 
magnetic moment of a Bohr magneton, pL B . The reorientation of S and the 
orbitsphere angular momentum from parallel to antiparallel to the 
magnetic field applied along the z-axis gives rise to a current. The 
current is acted on by the flux corresponding to O 0 , the magnetic flux 
quantum, linked by the electron during the transition which gives rise to 
a Hall voltage. The electric field corresponding to the Hall voltage 

corresponds to the electric power term, f[| e <. E * E J' of the p °y ntin g 

power theorem (Eq. (1.138)). 

Consider a conductor in a uniform magnetic field and assume that it 
carries a current driven by an electric field perpendicular to the magnetic 
field. The current in this case is not parallel to the electric field, but is 
deflected at an angle to it by the magnetic field. This is the Hall Effect, 
and it occurs in most conductors. 

A spin-flip transition is analogous to Quantum Hall Effect given in 
the corresponding section wherein the applied magnetic field quantizes 
the Hall conductance. The current is then precisely perpendicular to the 
magnetic field, so that no dissipation (that is no ohmic loss) occurs. This 
is seen in two-dimensional systems, at cryogenic temperatures, in quite 
high magnetic fields. Furthermore, the ratio of the total electric potential 
drop to the total current, the Hall resistance, R„, is precisely equal to 

Rh= J_ (1.150) 
ne 

The factor n is an integer in the case of the Integral Quantum Hall Effect, 

and n is a small rational fraction in the case of the Fractional Quantum 
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Hall Effect. In an experimental plot [23] as the function of the magnetic 
field, the Hall resistance exhibits flat steps precisely at these quantized 
resistance values; whereas, the regular resistance vanishes (or is very 
small) at these Hall steps. Thus, the quantized Hall resistance steps occur 
for a transverse superconducting state. 

Consider the case that an external magnetic field is applied along 
the x-axis to a two dimensional superconductor in the yz-plane which 
exhibits the Integral Quantum Hall Effect. (See Figure 1.10.) Conduction 
electrons align with the applied field in the x direction as the field 
permeates the material. The normal current carrying electrons 
experience a Lorentzian force, ¥ L , due to the magnetic flux. The y- 
directed Lorentzian force on an electron having a velocity v in the z 
direction by an x-directed applied flux, B, is 

F t =cvxB (1.151) 
The electron motion is a cycloid where the center of mass experiences an 
ExB drift [24]. Consequently, the normal Hall Effect occurs. Conduction 
electron energy states are altered by the applied field and by the electric 
field corresponding to the Hall Effect. The electric force, F„, due to the 
Hall electric field, E y , is 

F„=eE, C1.132) 
When these two forces are equal and opposite, conduction electrons 
propagate in the z direction alone. For this special case, it is 
demonstrated in Jackson [24] that the ratio of the corresponding Hall 
electric field E H and the applied magnetic flux is 

EJB-v 0" 153 > 
where v is the electron velocity. And, it is demonstrated in the Integral 
Quantum Hall Effect section that the Hall resistance, R H , in the 
superconducting state is given by 

Rh= JL (1-154) 

ne 

where n is an integer. 
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Figure 1.10. Coordinate system of crossed electric field, E y , corresponding 
to the Hall voltage, magnetic flux, B x , due to applied field, and 

• ■ > 

superconducting current i t . 



B x 




E 

y 



i 

z 



Consider the case of the spin-flip transition of the electron. In the 
case of an exact balance between the Lorentzian force (Eq. (1.151)) and 
the electric force corresponding to the Hall voltage (Eq. (1.152)), each 
superconducting point mass of the electron propagates along a great 

circle where .... 

£/B = v (1.155) 

where v is given by Eq. (1.47). Substitution of Eq. (1.47) into Eq. (1.155) 
gives 

E/B = JL (1-156) 

Eq (1 156) is the condition for superconductivity in the presence of 
crossed electric and magnetic fields. The electric field corresponding to 
the Hall voltage corresponds to the electric energy term, E ele , of the 
Poynting power theorem (Eq. (1.138)). 

£ efc = Ijj} e<) E«Er 2 sin0tfrrfftf0 (1.157) 

The electric term "for this superconducting state is derived as follows 
using the coordinate system shown in Figure 1.11. 
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Figure 1.11. Coordinate system of crossed electric field, E r , corresponding 
to the Hall voltage, magnetic flux, B e , due to applied field, and 
superconducting current i^. 




The current is perpendicular to E r , thus there is no dissipation. 

This occurs when 

eE = evxB (1.158) 

E/B=v (1.159) 
The electric field corresponding to the Hall voltage is 

E = vxB (1.160) 
Substitution of Eq. (1.160) into Eq. (1.157) gives 

E ete =±£ 0 jj](vB) 2 r 2 smedrd9d<p (1.161) 

^ 0 0 0 

The spin flip transition may be induced by the absorption of a resonant 
photon. The velocity is determined from the distance traversed by each 
point and the time of the transition due to capture of a photon resonant 
with the spin-flip transition energy. The current corresponding to the 
Hall voltage and E r is given by the product of the electron charge and the 
frequency / of the photon where the correspondence principle holds as 

given in the Photon Absorption section. 

i = ef (1.162) 
The resistance of free space for the propagation of a photon is the 
radiation resistance of free space, 77. 



rj= ifo (1.163) 

The power P r of the electron current induced by the photon as it 
transitions from free space to being captured by the electron is given by 
the product of the corresponding current and the resistance R which is 
given by Eq. (1.163). 
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P r =i 2 R (1.164) 

Substitution of Eq. (1.162) and Eq. (1.163) gives 

P r = e * f *[K (1.165) 

It follows from the Poynting power theorem (Eq. (1.138)) with spherical 
radiation that the transition time t is given by the ratio of the energy 
and the power of the transition [25]. 

x ^energ L (1.166) 
power 

The energy of the transition which is equal to the energy of the resonant 
photon is given by Planck's equation. 

E = ho) = hf (1.167) 

Substitution of Eq. (1.165) and Eq. (1.167) into Eq. (1.166) gives 

t= h * (1.168) 

The distance £ traversed by the electron with an kinetic angular 
momentum change of — is 

^ = 2^ = A (1.169) 
2 2 

where the wavelength is given by Eq. (1.43). The velocity is given by the 
distance traversed divided by the transition time. Eq. (1.168) and Eq. 
(1.169) give 

V =*H= \'} =* £ ° U (1.170) 
t h f 2h 



g 2 f 2 Ilk 



The relationship for a photon in free space is 

c = Xf (1.171) 
As shown in the Unification of Spacetime, the Forces, Matter, and Energy 
section, the fine structure constant given by Eq. (1.147) is the 
dimensionless factor that corresponds to the relativistic invariance of 
charge. 

a = JL |Kfl = Ili2_ = ifof!£ (1.172) 
4;rV e 0 A 2 A 2A 

e 2 
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It is equivalent to one half the ratio of the radiation resistance of free 
space, J^, and the hall resistance, p-. The radiation resistance of free 

space is equal to the ratio of the electric field and the magnetic field of 
the photon (Eq. (4.10)). Substitution of Eq. (1.171) and Eq. (1.172) into 
Eq. (1.170) gives 

V = OLC ' * * 

Substitution of Eq. (1.173) into Eq. (1.161) gives 

- Inn * 
^ 0 0 0 

where 

B = H 0 H (ll 75 ) 
The relationship between the speed of light, c, and the permittivity of 
free space, e 0 , and the permeability of free space, /i 0 , is 

c= 1 (1.176) 

Thus, Eq. (1.174) may be written as 

E tU = -a 2 j])fi 0 H 2 r 2 sin 6drded(p (1.177) 
2 0 0 0 

Substitution of Eq. (1.125) gives 

2 2 w 2 ft 2 (1.178) 
E "'- a 3mtf 

The magnetic flux, B, is quantized in terms of the Bohr magneton because 
the electron links flux in units of the magnetic flux quantum, 

]L (1.179) 



2e 



Substitution of Eqs. (1.139-1.149) gives 

Mt ai i*- B ) <1180) 



Dissipated Energy 

The J*E energy over time is derived from the electron current 
corresponding to the Larmor excitation and the electric field given by 
Faraday's law due to the linkage of the magnetic flux of the fluxon during 
the spin-flip. Consider the electron current due the external field. The 
application of a magnetic field with a resonant Larmor excitation gives 
rise to a precessing angular momentum vector S of magnitude h directed 

from the origin of the orbitsphere at an angle of fl = — relative to the 

applied magnetic field. As given in the Spin Angular Momentum of the 
Orbitsphere with £= 0 section, S rotates about the axis of the applied field 
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at the Larmor frequency. The magnitude of the components of S that are 

h 

parallel and orthogonal to the applied field (Eqs (1.74a- 1.74b)) are — and 

2 

respectively. Since both the RF field and the orthogonal components 

shown in Figure 1.7 rotate at the Larmor frequency, the RF field that 
causes a Stern Gerlach transition produces a stationary magnetic field 
with respect to these components as described in Box 1.2. The 
corresponding central field at the orbitsphere surface given by the 
superposition of the central field of the proton and that of the photon 
follows from Eqs. (2.10-2.17) and Eq. (17) of Box 1.2: 

E = 4^1 W ' 0)ir + MVP't^YA' " r ')] (1.181) 

where the spherical harmonic dipole Y e m (0,0) = sin 0 is with respect to the 

S-axis. The dipole spins about the S-axis at the angular velocity given by 
Eq. (1.55). The resulting current is nonradiative as shown by Eq. (1.39) 
and in Appendix I: Nonradiation Based on the Electromagnetic Fields and 
the Poynting Power Vector. Thus, the field in the RF rotating frame is 
magnetostatic as shown in Figure 1.9 but directed along the S-axis. Thus, 
the corresponding current given by Eq. (1.112) is 

K(p,<P,z) = |-^3 sin ft, (1.182) 

2 T71T 



en 



Next consider the Faraday's equation for the electric field 

$E .ds = ~ J/J 0 H*tfa (1.183) 

c s 

As demonstrated by Purcell [15], the velocity of the electron changes 
according to Lenz's law, but the change in centrifugal force is balanced by 
the change in the central field due to the applied field. The magnetic flux 
of the electron given by Eq. (1.120) is 

B = ^ o H = ^£j(i r cos0-i £ ,sin9) for r<r (1.184) 
m t r x 

From Eq. (1.149), the magnetic flux B JmE of the fluxon is 

= (K cos 0 - i, sin 6) = f ^ i z (1.185) 

The electric field E is constant about the line integral of the orbitsphere. 
Using Eq. (1.183) with the change in flux in units of fluxons along the z- 
axis given by Eq. (1.185) gives 

^^•dsdz=j-7rr 2 ^dzM^ (1.186) 

-r,C -ij 
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2nEjr l sin 2 md = -n— /] 2 *in 3 ftiei, 



(1.187) 



At 

u 

2 2 AS . 
= —Ttr. • i . 

1 3Af ♦ 

Substitution of Eq. (1.185) into Eq. (1.187) gives 

«r.E = -^ 2 -— -&&-x 6 (1.188) 
1 1 3 2/r m e r?6.t * 

nr.E = -7c-—-^Li. (1.189) 
1 3 2n m^Af * 

Thus, 

E = --— -^-L (1.190) 

The dissipative power density E*J can be expressed in terms of the 
surface current density K as 

J(E«J)A&/v=J(E»K)A/£fo (1191) 

v s 

Using the electric field from Eq. (1.190) and the current density from Eq. 
(1.182) gives 



(1.192) 



_ 4 a 7cfi 0 e 7 h 2 

Substitution of Eqs. (1.139-1.149) into Eq. (1.192) gives 

J(E.J)A/rfv = 2(|J^J A i JJ B (1.193) 

Total Energy of Spin-Flip Transition 

The principal energy of the transition corresponding to a 
reorientation of the orbitsphere is given by Eq. (1.136). And, the total 
energy of the flip transition is the sum of Eq. (1.136), and Eqs. (1.149), 
(1.180), and (1.193) corresponding to the electric energy, the magnetic 
energy, and the dissipated energy of a fluxon treading the orbitsphere, 
respectively. 

*E% = 8M 8 B (1.195) 
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where the stored magnetic energy corresponding to the J^[^ H * H ] term 

increases, the stored electric energy corresponding to the J^[j e » E>E ] 

term increases, and the J»E term is dissipative. The magnetic moment 
of Eq. (1.136) is twice that from the gyromagnetic ratio as given by Eq. 
(28) of Box 1.2. The magnetic moment of the electron is the sum of the 

component corresponding to the kinetic angular momentum, and the 

component corresponding to the vector potential angular momentum, ^, 

(Eq. (1.132). The spin-flip transition can be considered as involving a 
magnetic moment of g times that of a Bohr magneton. The g factor is 
redesignated the fluxon g factor as opposed to the anomalous g factor, 
and it is given by Eq. (1.194). 

z =l + JL + l a 4JLyi(lL) 2 , (1.196) 

For a - ' =137.03604(11) [26] 

£ = 1.001 159 652 120 (1.197) 
2 

The experimental value [27] is 

^ = 1.001 159 652 188(4) (1.198) 
2 

The calculated and experimental values are within the propagated error 
of the fine structure constant. Different values of the fine structure 
constant have been recorded from different experimental techniques, and 
a" 1 depends on a circular argument between theory and experiment [28]. 
One measurement of the fine structure constant based on the electron g 
factor is a"' = 137.036006(20) [29]. This value can be contrasted with 
equally precise measurements employing solid state techniques such as 
those based on the Josephson effect [30] (a; 1 =137.035963(15)) or the 
quantized Hall effect [31] (a;, 1 = 137.035300(400)). A method of the 
determination of a" 1 that depends on the circular methodology between 
theory and experiment to a lesser extent is the substitution of the 
independently measured fundamental constants /x 0 , e, c, and h into Eq. 
(1.172). The following values of the fundamental constants are given by 
Weast [26] 

/i o = 4n:X10- 7 /^m- , (1.199) 
e = 1.6021892(46) X10"C (1.200) 



• 1 



© 2003 by BlackLight Power, Inc. All rights reserved. 

131 

c = 2.99792458(1 2) X 10 W (1.201) 

h = 6.626176(36) X 10'" JH z ~ l (1.202) 
For these constants, 

a' 1 =137.03603(82) (1 .203) 

Substitution of the a" 1 from Eq. (1.203) into Eq. (1.196) gives 

£ = 1.001 159 652 137 (1.2 04) 

2 

The experimental value [27] is 

^ = 1.001 159 652 188(4) (1.205) 
2 

Conversely, the fine structure calculated for the experimental — and Eq. 

2 

(1.196) is a -1 =137.036 032 081. 

The postulated QED theory of — is based on the determination of 

the terms of a postulated power series in alit where each postulated 
virtual particle is a source of postulated vacuum polarization that gives 
rise to a postulated term. The algorithm involves scores of postulated 
Feynman diagrams corresponding to thousands of matrices with 
thousands of integrations per matrix requiring decades to reach a 
consensus on the "appropriate" postulated algorithm to remove the 
intrinsic infinities. The solution so obtained using the perturbation series 
further requires a postulated truncation since the series diverges. The 
remarkable agreement between Eqs. (1.204) and (1.205) demonstrates 

that may be derived in closed form from Maxwell's equations in a 

simple straightforward manner that yields a result with eleven figure 
agreement with experiment — the limit of the experimental capability of 
the measurement of the fundamental constants that determine a. In 
Appendix II: Quantum Electrodynamics is Purely Mathematical and Has 
No Basis in Reality, the Maxwellian result is contrasted with the QED 
algorithm of invoking virtual particles, zero point fluctuations of the 
vacuum, and negative energy states of the vacuum. Rather than an 
infinity of radically different QED models, an essential feature is that 
Maxwellian solutions are unique. 

The muon, like the electron, is a lepton with h of angular 
momentum. The magnetic moment of the muon is given by Eq. (1.136) 
with the electron mass replaced by the muon mass. It is twice that from 
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the gyromagnetic ratio as given by Eq. (2.36) of the Orbital and Spin 
Splitting section corresponding to the muon mass. As is the case with the 
electron, the magnetic moment of the muon is the sum of the component 

corresponding to the kinetic angular momentum, ~, and the component 

mm 

h 

corresponding to the vector potential angular momentum, -, (Eq. (1.132). 

The spin-flip transition can be considered as involving a magnetic 
moment of g times that of a Bohr magneton of the muon. The g factor is 
equivalent to that of the electron given by Eq. (1.196). 

The muon anomalous magnetic moment has been measured in a 
new experiment at Brookhaven National Laboratory (BNL) [32]. Polarized 
muons were stored in a superferric ring, and the angular frequency 
difference co a between the spin precession and orbital frequencies was 
determined by measuring the time distribution of high-energy decay 
positrons. The dependence of co Q on the magnetic and electric fields is 
given by BMT equation which is the relativistic equation of motion for 
spin in uniform or slowly varying external fields [33]. The dependence 
on the electric field is eliminated by storing muons with the "magic" 
7=29.3, which corresponds to a muon momentum p- 3.09 GeV/c. Hence 
measurement of co a and of B determines the anomalous magnetic 
moment. 

The "magic" y wherein the contribution to the change of the 
longitudinal polarization by the electric quadrupole focusing fields are 
eliminated occurs when 

M_i = 0 (1.206) 
2 p 

where g is the muon g factor which is required to be different from the 
electron g factor in the standard model due to the dependence of the 
mass dependent interaction of each lepton with vacuum polarizations due 
to virtual particles. For example, the muon is much heavier than the 
electron, and so high energy (short distance) effects due to strong and 
weak interactions are more important here [29]. The BNL Muon (g-2) 
Collaboration [32] used a "magic" y=29.3 which satisfied Eq. (1.206) 

identically for however, their assumption that this condition 

eliminated the affect of the electrostatic field on <o a is flawed as shown in 
Appendix IV: Muon g Factor. Internal consistency was achieved during 

the determination of & using the BMT equation with the flawed 

2 

assumption that The parameter measured by Carey et al. [32] 

2 2 
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corresponding to was the sum of a finite electric term as well as a 

magnetic term. The calculated result based on the equivalence of the 
muon and electron g factors 

^ = 1.001 165 923 (1.207) 

2 

is in agreement with the result of Carey et al. [32]: 

^- = 1.001 165 925 (15) (1.208) 
2 

Rather than indicating an expanded plethora of postulated super- 
symmetry virtual particles which make contributions such as smuon- 

neutralino and sneutrino-chargino loops as suggested by Brown et al. 

g 

[34], the deviation of the experimental value of from that of the 

standard model prediction simply indicates that the muon g factor is 
equivalent to the electron g factor. 

DETERMINATION OF ORBITSPHERE RADII 

The one-electron orbitsphere is a spherical shell of negative charge 
(total charge = -e) of zero thickness at a distance r n from the nucleus of 
charge + Ze. It is well known that the field of a spherical shell of charge is 
zero inside the shell and that of a point charge at the origin outside the 
shell [35]. See Figure 1.12. 
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Figure 1.12. The electric fields of a proton, a bound electron, and a 
hydrogen atom corresponding to a minimum energy and no electron self 
interaction where the bubble-like geometry of the orbitsphere requires 
the central field of the proton. 
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Thus, for a nucleus of charge Z, the force balance equation for the 
electron orbitsphere is obtained by equating the forces on the mass and 
charge densities. For the ground state, n = l, the centrifugal force of the 
electron is given by 

(1.209) 



centrifugal 



A7tr x 



where is the mass density of the orbitsphere. The centripetal force 

Amr? 

is the electric force, F tf/4? , between the electron and the nucleus. 

F g „= « g a (1.210) 
ete Anr? AKE 0 r? 

where e 0 is the permittivity of free-space. 

The second centripetal force is an electrodynamic force or radiation 
reaction force, a force dependent on the second derivative of charge 
position which respect to time, which arises between the electron and the 
nucleus. This force given in Sections 6.6, 12.10, and 17.3 of Jackson [36] 
achieves the condition that the sum of the mechanical momentum and 
electromagnetic momentum is conserved. The motion of each point in the 
magnetic field of the nucleus will cause a relativistic central force, F^, 
which acts on each point mass. The magnetic central force is derived as 
follows from the Lorentzian force which is relativistically corrected. Each 
infinitesimal point of the orbitsphere moves on a great circle, and each 
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point charge has the charge density - — = . As given in the Proton and 

AJtr, 

n 

Neutron section, the proton is comprised of a linear combination of three 
constant functions and three orthogonal spherical harmonic quark/gluon 
functions. The magnetic field front due to the motion of the electron 
propagates at the speed of light. From the photon inertial reference 
frame at the radius of each infinitesimal point of the electron orbitsphere, 
the proton charge distribution is given as the product of the quark and 
gluon functions which gives rise to a uniform distribution. The magnetic 
flux of the proton in the v = c inertial frame at the electron radius follows 
from McQuarrie [19]: 

B = ^4r (1.211) 

2m r 

p n 

And, the magnetic flux due to a nucleus of charge Z and mass m is 

The motion of each point will cause a relativistic central force, F, which 

acts on each point mass. The magnetic central force is derived as follows 
from the Lorentzian force which is relativistically corrected. The 
Lorentzian force density on each point moving at velocity v is 

F ^ = 4^ yVXB (1.213) 

it 

For the hydrogen atom with Z=l and m = m p , substitution of Eq. (1.47) for 
v and Eq. (1.212) for B gives 



F 



(1.214) 



The term in brackets can be expressed in terms the fine structure 
constant a wherein the radius of the electron relative to the v = c frame 
(* is the lightlike k°, then k = ajc), r a , is the corresponding relativistic 

radius. From Eq. (1.43), the relationship between the radius and the 
electron wavelength is 

2nr = X (1.215) 
Using the de Broglie Eq. (1.46) with v = c 

A= — = — (1,216) 
mv mc 

With substitution of Eq. (1.216) into Eq. (1.215) 

r >4~ = K=aa 0 (1.217) 
mc 

The radius of the electron orbitsphere in the v-c frame is X c , where v = c 
corresponds to the magnetic field front propagation velocity which is the 
same in all inertial frames, independent of the electron velocity as shown 
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by the velocity addition formula of special relativity [37]. From Eqs. 
(1.147) and (1.217), 

£^ = Uta (1.218) 
2m e r n 

where X c is the Compton wavelength bar substituted for r„, and a 0 is the 
Bohr radius. 

From Lorentz transformations with the electron's invariant angular 
momentum of ft (Eq. (1.57), it can be shown that the relativistic 
correction to Eq. (1.214) is the reciprocal of Eq. (1.218). Consider an 
inertial frame following a great circle of radius r n with v=c. The motion 
is tangential to the radius; thus, r n is Lorentzian invariant. But, as shown 
in the SPACETIME FOURIER TRANSFORM OF THE ELECTRON FUNCTION 
section and the Special Relativistic Correction to the Ionization Energies 
section, the tangential distance along a great circle is 2nr n in the 
laboratory frame and r n in the v = c frame (k is the lightlike k°, then 
k = co n /c). In addition, the corresponding radius is reduced by a for the 
light speed radial field. Thus, the term in brackets in Eq. (1.214) is the 
inverse of the relativistic correction / for the electrodynamic central 

force. 

The electron's magnetic moment of a Bohr magneton /x B given by 
Eq. (1.99) is also invariant as well as its angular momentum of ft. The 
electron is nonradiative due to its angular motion as shown in 
SPACETIME FOURIER TRANSFORM OF THE ELECTRON FUNCTION, Appendix 
I, and the Stability of Atoms and Hydrinos section. Furthermore, the 
angular momentum of the photon given in the Equation of the Photon 

section is m= f— Re[rx(ExB*)lfa 4 =ft. It is conserved for the solutions for 

J 8/GC 

the resonant photons and excited state electron functions given in the 
Excited States of the One-Electron Atom (Quantization) section and the 
Equation of the Photon section. Thus, the electrodynamic angular 
momentum and the inertial angular momentum are matched such that 
the correspondence principle holds. It follows from the principle of 

conservation of angular momentum that — of Eq. (1.99) is invariant. 

The same applies for the intrinsic magnetic moment n B and angular 
momentum ft of the free electron since it is given by the projection of the 
bound electron into a plane as shown in the Electron in Free Space 
section. However, special relativity must be applied to physics relative to 
the electrons center of mass due to the invariance of charge and the 
invariant four momentum as given by Purcell [37]. 

The correction to the term in brackets of Eq. (1.214) also follows 
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from the Lorentz transformation of the electron's invariant magnetic 
moment as well as its invariant angular momentum of h. Consider a 
great circle of the electron orbitsphere. As shown in the SPACETIME 
FOURIER TRANSFORM OF THE ELECTRON FUNCTION section, the tangential 
distance along a great circle is 2nr n in the laboratory frame and r n in the 
v = c frame; thus, electron mass density along each great circle can be 
considered to contract to a point with an increase of the relativistic mass 
density by a factor of 2n. Furthermore, due to invariance of charge 
under Gauss' Integral Law, with the radius given by (1.217), the charge 
corresponding to the source current of the magnetic field must be 
corrected by a"'. Thus, from the perspective of the invariance of n B , the 
term in brackets in Eq. (1.214) is inverse of the relativistic correction for 
the electrodynamic central force. 

oTVr, _ g'e^, = 2Ka'e 2 n„ =] (1.220) 
2(2nmjr„ 2{2nm e )X 2 {2Ton t ) ** 



m t c 



Therefore, the force is given by 



p • (1-221) 

The force balance equation is given by equating the centrifugal and 
centripetal force densities 8 : 

8 In addition to the electrodynamic interaction between the electron and the 
nucleus, the self interaction of the electron must be considered. The bubble-like 
geometry of the orbitsphere requires the presence of the proton. As given in the 
Free Electron section, a free electron comprises a two-dimensional planar lamina 
with field lines that are discontinuous and orthogonal from opposite surfaces of the 
lamina such that the Maxwellian condition 

„.(E,-E 2 ) = f (1) 

0 

is satisfied where n is the radial normal unit vector, E, and E 2 are the electric field 
vectors that are discontinuous at the opposite surfaces, and O is the charge density 
of the electron corresponding to a total charge of e. There is no self interaction for 
the free electron. Consider the transformation of the electron's field lines during 
binding due to the central field of the proton. The spherical symmetry requires 
that the field lines of the proton and the bound electron are radial. In order to 
minimize the energy, the continuous charge density function is a two-dimensional 
equipotential energy surface with an electric field that is strictly normal-radial 
(Eq. (2.11)) for r>r, according to Gauss' law and Faraday's law. The relationship 
between the electric field equation and the electron source charge-density 
function is also given by Eq. (1), Maxwell's equation in two dimensions [38-40]. As 
shown in Figure 1.12, E,, the electric field inside of the orbitsphere, is zero, E 2 , the 
electric field outside of the orbitsphere, is equivalent to that of a point charge at 
the origin, and a is the surface charge density corresponding to a total charge of 
e. Eq. (1) applies to a perfect conductor. The electron is a perfect conductor, and 
zero field inside of a perfect conductor is confirmed experimentally. This relation 
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shows that only a 2-D geometry meets the criterion for a fundamental particle and 
is required for particle production in order to satisfy Maxwell's equations, special 
and general relativity, and other first principles such as conservation of energy 
and momentum as shown in the Gravity, Leptons, and Quarks sections. 2-D is the 
nonsingularity geometry which is no longer divisible. It is the dimension from 
which it is not possible to lower dimensionality. In this case, there is no 
electrostatic self interaction since the corresponding potential is continuous across 
the surface according to Faraday's law in the electrostatic limit, and the field is 
discontinuous, normal, and radial to the charge according to Gauss' law [38-401. 
Thus, only the continuous current density function need be considered. 

It was shown in the Electron g Factor section that as a requirement of the 
conservation of angular momentum, the magnetic momentum of the electron can 
only be parallel or antiparallel to an applied magnetic field. Similarly, in order to 
conserve angular momentum, any internal change in the bound-electron current 
distribution and its corresponding angular momentum requires emission of a 
photon that carries angular momentum in . its electric and magnetic fields only in 
discrete units of h as given in the Equation of the Photon section. Self interaction 
of the current of the bound electron having the angular momentum distribution 
given in the Spin Angular Momentum of the Orbitsphere with t- 0 section requires 
the emission of a photon having an angular momentum that is a fraction of ft 
which is not possible according to Maxwell's equations as given in the Excited States 
of the One-Electron Atom (Quantization) section. Thus, any self interaction is a 
radiation-reaction type wherein k is also the lightlike k° such that k = CO n /c. Any 
such light-like interaction can only be central. Since the velocity of each point of 
the electron is the same, the current of the orbitsphere is confined to a two- 
dimensional shell in the v = c frame as well as the lab frame as given by Eq. (1.249). 
Since the current is orthogonal to the radial vector at the same radius for each 
great circle current density element, there is no self interaction. 

Furthermore, since fundamental particles such as the electron are 
superconducting, nonresonant collisions cannot change the intrinsic angular 
momentum. Such collisions involve the entire particle. And, the intrinsic angular 
momentum remains unchanged, except when a resonant photon is emitted or 
absorbed according to the Maxwellian-based conservation rules given in the 
Excited States section and the Equation of the Photon section. 

In contrast, QM is internally inconsistent. Electron shielding or self 
interaction of the electron cloud is ignored in cases involving one electron such as 
H and H^ y but electron-electron repulsion terms as well as shielding are 
considered in multielectron problems such as He and H 2 ; even though, the charge 
densities occupy the same space whether there is one or more electrons — the only 
difference being the magnitude. The electron cloud model is also mandatory to 
achieve neutral scattering despite the internal inconsistency with scattering 
experiments that the momentum transfer is with the entire mass of the electron as 
pointed out by Max Born. The subsequent probability-wave model violates special 
relativity and causality by requiring a point electron to be over all space at once, 
weighted according to a "guiding" probability density function. 

The electron spread over all space must interact with itself since Gauss* law 
applied to the volumetric charge density gives rise to a radial electric field from 
zero to infinity. Consequently, there is the inescapable problem that the electron 
cloud is unstable, not to mention the nonphysical nature of the infinities in the 
electric and magnetic fields of the point electron manifested as a probability cloud 
distribution. 
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2 



Ze 1 



_m £ _y [1= e L_ " (1.222) 

4nr 2 r x 4mr 2 4JCe e r, 2 4itr x mr, 

where Z = l and m = m p for the hydrogen atom. (Since the surface-area 

factor cancels in all cases, this factor will be left out in subsequent force 
calculations throughout this book). Using Eq. (1.47), 

= 4 *g 0 fi 2 (1.223) 

1 Ze 2 H e 

where the reduced electron mass, n e , is 

2 = m < m (1.224) 

m e + m 

The Bohr radius is 

= 4ne 0 h 2 (1.225) 

0 e 2 m e 

And, the radius given by force balance between the centrifugal force and 
central electrostatic force alone is 

= 4ng^ 2 = gp_ (1.226) 
Ze 2 m e Z 

And, for hydrogen, m of Eq. (1.224) is 

m = m„ (1.227) 

Substitution of the reduced electron mass for the electron mass gives, a H , 
the Bohr radius of the hydrogen atom. 

4ne o h2 (1.228) 

Thus, Eq. (1.223) becomes 

(1.229) 

1 Z 

where Z = l for the hydrogen atom. The results can also be arrived at by 
the familiar minimization of the energy 9 . 



a H= 2 



9 The force balance equation can also be arrived at by the familiar minimization of 
the energy. The electron kinetic energy obtained by integration over the mass 
density at spherical position r = r* (Eq. (1.64)) is 

r = Iv 2 ? f ]-&-*(r - r>)r 2 sinftfrrfftf* = ±m e v 2 = ( 1 ) 

where the velocity is given by Eq. (1.47). The electron orbitsphere is a two- 
dimensional equipotential energy surface at spherical position r = r\ The potential 
energy is given by integrating Poisson's equation over the continuous two- 
dimensional surface charge density given by Eq. (1.64) at the equipotential due to 
the proton at spherical position r = / J where the electric field of the electron is 
strictly normal-radial (Eq. (2.11)) for r>r x according to Gauss 1 law, and the 
potential is continuous across the surface according to Faraday's law in the 
electrostatic limit. 
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ENERGY CALCULATIONS 

The potential energy V between the electron and the nucleus 
separated by the radial distance radius r, considering the force balance 
between the centrifugal force and central electrostatic force alone is 

V = = ~ Z 6 = -Z 2 X 4.3598 X KT' 8 J = -Z 2 X 27.212 eV (1.230) 

4ne 0 r x 47te o a 0 

Because this is a central force problem, the kinetic energy, 7\ is -\v\ 

2 

T = ^lJ— = Z 2 X13.606eV (1.231) 
%ne o a 0 

The same result can be obtained from T = ^-m t v ) 2 and Eq. (1.47). 

Alternatively, the kinetic energy T and the binding energy E B , which are 
each equal to the change in stored electric energy, &E eUy can be calculated 

from 

T = A£ f/r = --£ 0 Z?E 2 Jv where E = -— e —\ T AQ (1.232) 



V = - 



Ze 

47Z£„ 



7nn 



m— Z-rS(r - r>)r 2 sin OdrdOdcp = - 
, „ „ rt 47TT 3 



0 0 0 



Ze 2 
4/r^r 



And, the energy due to the electrodynamic interaction of the 
proton T 2 due to their relative motion given by Eq. (1.47) is 

h 2 

, ^ — m i f * — __ _ 



(2) 



electron and the 



. 1 2 1 

7; = — mv = — 

2 2 mr 2 



1 

+ — 



The total energy E is the sum of Eqs. (1-3). 

1 2 m e r 2 4^e o r 2 mr 

Then, the minimum energy is obtained by taking 
setting it to zero which is 



Ze 



m e r 4ite o r mr 
Eq. (5) can be written in terms of the densities: 

m e v, 2 _ e Ze 1 h 2 



4itr 2 r t Atzt 2 47te o r 2 47tr 2 mr; 



(3) 



(4) 

the derivative of Eq. (4) and 



(5) 



(6) 



where Z=l and m = m p for the hydrogen atom. Then, Eq. (6) is the same as Eq. 
(1.222). 

10 As shown in Figure 1.12, the electric field of the proton alone 
and the electric field of the bound electron alone is finite only for 
goes to infinity in the case of the ionized or free electron, and 
charge and current density functions are given in the Free 
During binding of the free electron which is a two-dimensional 



is over all space, 
r > r x . The radius 

the corresponding 
Electron Section, 
disc lamina, the 
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Thus, as the orbitsphere shrinks from °°to r l9 

E B = — ^— = — = -Z 2 X 2.1799 X 10'' 8 / = -Z 2 X 13.606 eV 

(1.233) 

The calculated Rydberg constant R using Eq. (1.228) in Eqs. (1.230-1.233) 
which includes the relativistic correction corresponding to the magnetic 
force given by Eq. (1.221) is 10,967,758 m" 1 . The experimental Rydberg 
constant is 10,967,758 m~\ Furthermore, a host of parameters can be 
calculated for the hydrogen atom, as shown in Table 1.2. 



electron charge distribution becomes that of a 2-D uniform spherical shell of 
charge, and the electric field of the electron superimposes and cancels part of that 
of the proton for r>r, as shown in Figure 1.12. The energy in the electric fields of 
each of the proton and the electron alone is given as 



(1) 



where E is the electric field of each independently. The binding energy of the 
hydrogen atom which is released as photons is given as the change in the electric 
field energy due to the change in the electric field due to the superposition of the 
fields of the electron and proton. 

r = A£ rf ,=i e J(AE) 2 rfv = -i e Jf ; e 

0 w\ 



47ie_r 2 



dv 



2XJT r. ( 



-} 



0 0 

.2 



47ce 0 r' 



r 2 sin edrd$d<P 



?dr 



(2) 



e 



For r t =a H as given by Eq. (1.229), 



T = AE eU = 



%7te 0 a H 



= 13.5984 eV 



(3) 



In the case of nuclear charge Z, AE ele increases by a factor of Z, and the radius 

These substitutions in Eq. (3) give Eq. (1.232). 



given by Eq. (1.229) is r,=^-. 

Z 

Eq. (3), matches the experimental binding energy. Whereas, the 
corresponding energy does not match in the case of the solutions of the 
Schrodinger equation. Even if it is assumed that the electron is everywhere at once 
in order to achieve electroneutrality, which is impossible, the energy stored in the 
electric field of the electron does not match the binding energy since the average 
radius of the hydrogen atom in this case is 3/2 the Bohr radius. 



I » 
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Table 1.2. Some calculated parameters for the hydrogen atom (n = l) 

radius r,=a H 5.2947 X10-"m 

-e 2 

potential energy V = -27.196 eV 

Ane 0 a H 

kinetic energy T = * 13.598 eV 

%K£ 0 a H 

angular velocity (spin) 6>,=-^t 4.13 X 10 16 rods'' 

m e r t 



linear velocity ",=^0, 2.19X10 6 mj _I 

wavelength A,=2wr, 3.325 Xl0~ t0 m 

spin quantum number s = i i- 

moment of Inertia 1 = m e r^s(s + l) 2.209* 10" 5 ' kgm 4 

angular kinetic energy E mgalor = ^la> 2 11.78 eV 

magnitude of the ft 1.0545 X lO" 34 Js 

angular momentum 

projection of the S = ft^s{s + 1) 9.133 XIO' 35 Js 

angular momentum 
onto the S-axis 

projection of the S =- 5.273 X10' 35 Js 

2 

angular momentum 
onto the z-axis 



mass density 2 .589 X ior" kgm 

charge density 4.553 cm" 2 

47TT, 



• 
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Table 1.3 gives the radii and energies for some one-electron atoms. 
In addition to the energies, the wavelength, angular frequency, and the 
linear velocity can be calculated for any one-electron atom from Eqs. 
(1.46), (1-55), and (1.56). Values are given in Table 1.4. 

Table 1.3. Calculated energies (non-relativistic) and calculated 

Ionization energies for some one-electron atoms. 



Calculated Calculated Calculated Calculated Experimental 



Atom 




Kinetic 
Energy b 
(eV) 


Potential 
Energy 0 
(eV) 


Ionization 

Energy 0 " 
(eV) 


Ionization 

Energy e 
(eV) 


H 


1.000 


13.61 


-27.21 


13.61 


13.59 


He* 


0.500 


54.42 


-108.85- 


54.42 


54.42 


Li 2+ 


0.333 


122.45 


-244.90 


122.45 


122.45 


Be 3 * 


0.250 


217.69 


-435.39 


217.69 


217.71 




0.200 


340.15 


-680.29 


340.15 


340.22 


C 5+ 


0.167 


489.81 


-979.62 


489.81 


489.98 




0.143 


666.68 


-1333.37 


666.68 


667.03 




0.125 


870.77 


-1741.54 


870.77 


871.39 



a from Equation (1.226) 
b from Equation (1.231) 
c from Equation (1.230) 
d from Equation (1.233) 
e experimental 



It is noteworthy that the potential energy is a constant (at a given n) 
because the electron is at a fixed distance, r„, from the nucleus. And, the 
kinetic energy and velocity squared are constant because the atom does 
not radiate at r n and the potential energy is constant. 
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Table 1.4. Calculated radii, angular frequencies, linear velocities, and 

wavelengths for the n = \ state of some one-electron atoms 
(non-relativistic). 



Atom 


(Oo) 


angularb 
velocity 

(10 17 rads~ l ) 


linear 0 
velocity 

(10 6 ms' 1 ) 


wavelengt 
(10- ,0 m) 


H 


1.000 


0.413 


2.19 


3.325 


He* 


0.500 


1.65 


4.38 


1.663 


Li 1 * 


0.333 


3.72 


6.56 


1.108 


Be 3 * 


0.250 


6.61 


8.75 


0.831 


B** 


0.200 


10.3 


10.9 


0.665 




0.167 


14.9 


13.1 


0.554 


N 6 * 


0^143 


20.3 


15.3 


0.475 


o 1 * 


0.125 


26.5 


17.5 


0.416 



a from Equation (1.226) 
t> from Equation (1.55) 
c from Equation (1.56) 
d from Equation (1.46) 



It should be noted that the linear velocity is an appreciable percentage of 
the velocity of light for some of the atoms in Table 1 .3—5.9% for O 1 * for 
example. Relativistic corrections must be applied before a comparison 
between the total energy and ionization energy (Table 1.3) is made. 

SPECIAL RELATIVISTIC CORRECTION TO THE IONIZATION 
ENERGIES 

The electron moves in an orbit relative to the laboratory frame. 
Time dilation of muonic decay due to motion in a cyclotron orbit relative 
to a stationary laboratory frame provides strong confirmation of special 
relativity and confirms that the electron's frame is an inertial frame. 
eB/m bunching of electrons in a gyrotron [41] occurs because the 
cyclotron frequency is inversely proportional to the relativistic electron 
mass. This further demonstrates that the electron frame is an inertial 
frame and that electron mass and time dilation occur. The special 



I 
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relativistic relationship in polar coordinates is derived. The result of the 
treatment of the electron motion relative to the laboratory frame is in 
excellent agreement with numerous experimental observables such as 
the electron g factor, the invariance of the electron magnetic moment of 
p B and angular momentum of ft, the fine structure of the hydrogen atom, 
and the relativistically corrected ionization energies of one and two 
electron atoms found infra, and in the Excited States of the One-Electron 
Atom (Quantization) and The Two-Electron Atom sections. 

The relativistic correction to the ionization energies is determined 
by determining the corrected radius in Eq, (1.233) corresponding to a 
decrease in the electron wavelength and period due to relativistic length 
contraction and time dilation of the electron motion in the laboratory 
inertial frame 1 1 . Each infinitesimal point of the orbitsphere moves on a 
great circle as shown in the ORBITSPHERE EQUATION OF MOTION FOR t = 
0 section. The electron motion is tangential to the radius; thus, r n is 
Lorentzian invariant. A further consequence of the electron's motion 
always being perpendicular to its radius" is that the electron's angular 
momentum of ft is invariant as shown by Eq. (1.57). The electron's 
magnetic moment of a Bohr magneton ]i B given by Eq. (1.99) is also 
invariant as well as its angular momentum of ft. Furthermore, the 
electron is nonradiative due to its angular motion as shown in the 
SPACETIME FOURIER TRANSFORM OF THE ELECTRON FUNCTION section, 
Appendix I, and the Stability of Atoms and Hydrinos section. The 
radiative instability of excited states is due to a radial dipole term in the 
function representative of the excited state due to the interaction of the 
photon and the excited state electron as shown in the Instability of 
Excited States section. The angular momentum of the photon given in the 



1 1 Many problems arise in the case of applying special relativity to standard 
quantum mechanical solutions for one-electron atoms as discussed in the Quantum 
Theory Past and Future section, the Shortcomings of Quantum Theory section, and 
Appendix II: Quantum Electrodynamics is Purely Mathematical and Has No Basis in 
Reality. Spin was missed entirely by the Schrbdinger equation, and it was forced by 
spin matrices in the Dirac equation. It does not arise from first principles, and it 
results in nonsensical consequences such as infinities and "a sea of virtual 
particles". These are not consistent with observation and paradoxically the virtual 
particles constitute an ether, the elimination of which was the basis of special 
relativity and is the supposed basis of the Dirac equation. In addition, the electron 
motion in the Schrddinger and Dirac equations is in all directions; consequently, 
the relativistic increase in electron mass results in an instability since the electron 
radius is inversely proportional to the electron mass. Since the electron mass in 
special relativity is not invariant, but the charge is, the electron magnetic moment 
of a Bohr magneton fl B as well as its angular momentum of ft can not be invariant 
in contradiction with experimental observations known to 14 figure accuracy [27]. 
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Equation of the Photon section is m = J J^Re[rx(ExB*)]dx 4 = ft. It is 

conserved for the solutions for the resonant photons and excited state 
electron functions given in the Excited States of the One-Electron Atom 
(Quantization) section and the Equation of the Photon section. The 
photons emitted during the formation of each one-electron atom are its 
excited state photons. Thus, the electrodynamic angular momentum and 
the inertial angular momentum are matched such that the 
correspondence principle holds. It follows from the principle of 
conservation of angular momentum of ft that j- of Eq. (1.99) is invariant 

e 

(See the Determination of Orbitsphere Radii section). Since charge is 
invariant according to special relativity, the electron mass of the 
orbitsphere must also be invariant. But, as shown in the SPACETlMb. 
FOURIER TRANSFORM OF THE ELECTRON FUNCTION section, the tangential 
distance along a great circle is 2xr m in the v = c frame is r„ in the 
laboratory frame. Thus, the effect of special relativity is to increase the 
mass and charge densities identically such that ^- is a constant invariant. 

e 

In the present case, the electron mass density along each great circle can 
be considered to contract to a point with an increase of the relativistic 
mass density by a factor of 2/r. The remarkable agreement between the 
calculated and observed value of the fine structure of the hydrogen atom 
which depends on the conditions of the invariance of the electrons 
charge and mass to charge ratio ^ as given in the SPIN-ORBITAL 

COUPLING section further confirms the validity of this result. 

Each infinitesimal point of the orbitsphere moves on a great circle, 

and each point charge has the charge density and mass density 



if 



as shown in the ORBITSPHERE EQUATION OF MOTION FOR t = 0 

* 2 



4JCr 

section Consider a charge-density element (and correspondingly a mass- 
density element) of a great circle current loop of the electron orbitsphere 
in the y'z'-plane as shown in Figure 1.4A. The distance on a great circle is 
given by 



2* 2 « 



jr n dd = r n 9 =2nr n (1.234) 



0 0 



Due to relative motion, the distance along the great circle must contract 
and the time must dilate due to special relativity. The special relativistic 
length contraction relationship observed for a laboratory frame relative 
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to an inertial frame moving at constant velocity v in the direction of 
velocity v is 

(1.235) 

For Figure 1.4, the relationship between polar and Cartesian coordinates 
of special relativity (the Cartesian coordinate system as compared to 
general coordinates is special with regard to special relativity as 
discussed in the Relativity section) is given by Eq. (1.68) 

x\=0 yj=-r n sin(fiy) z Y = r n cos(cy) (1.236) 

where to n is given by Eq. (1.55), r n is from Eq. (1.226) and 

0 = g>„/ (1.237) 
Due to relativity, a contracted wavelength arises. The distance on the 
great circle undergoes length contraction only in the $ direction as v-»c. 
Thus, as v-»c the distance on a great circle approaches its radius which is 
the relativistically contracted electron wavelength since the relationship 
between the radius and the wavelength given by Eq. (1.43) is 

27tr n =X n (1.238) 

With v = c, 

r* = A (1.239) 
where * indicates the relativistically corrected parameter. Thus, 

r* = -^- (1.240) 
2n 

The relativistically corrected mass m* follows from Eq. (1.240) with 
maintenance of the invariance of the electron angular momentum of h 
given by Eqs. (1.56) and (1.57). 

mrxv = m/— (1.241) 

m t r 

With Eq. (1.240), the relativistically corrected mass m* corresponding to 
an increase in its density only is 

m* = 2nm e (1.242) 

The charge (mass) motion may be visualized. At light speed, there 
can be no motion transverse to the radius. The radial projection of the 
time harmonic motion of a point charge of a great circle becomes 
equivalent to a time harmonic oscillator moving along an axis of distance 
2r n in the direction of r. In spherical coordinates, the lab frame is at rest 

at the origin. Relativistic invariance of charge requires that all of the 
charge of a current loop be projected onto a line in the radial direction. 
For n = l, £=0, the charge is uniformly distributed. Consider, the radial 
projection of a point charge on a great circle at 0 = 0 and a point charge at 
<t> = n. Both points move from opposite ends of a line of length 2r n 



■»■•■. 
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(-r a <r< + r B ) and are at the origin in a quarter of a period which is time 
t ="lL. The points then cross. (The crossing is equivalent to elastic 

scattering at the origin which results in a momentum reversal for both 
points • ) The points interchange roles and travel to the opposite start, ng 
points in a half of a period which is time So, with respect to each 

position, a point left and a point reappeared in f = -^-. Since T- ^-^ 

the wavelength is r„. This situation applies for any <f>. 

Thus, the effect of the relativistic contraction of the distance along a 
great circle loop is to change the angle of constant motion - in Eq. (1.236) 
with a corresponding decrease in the electron wavelength^ The 
relativistically corrected wavelength that follows from Eqs. O- 2 ^ 1 -"*) 
is given by the sum of the relativistic electron motion along the great 
circle (/ direction for point 1 of Figure 1~4A) and that projected along the 
radial axis (z' direction for point 1 of Figure 1.4): 

A, = r ni sin /\d$ + cos <f [ dr (1-243) 
where the * indices corresponds to the relativistically corrected 
narameters in the y' and z' directions. The length contraction is only in 
fheTrection of motion which is orthogonal to the radius and constant as 
a function of angle. Thus, Eq. ( 1-237) i s given by 

K = 2< L(i)W+r;co*' d-244) 

The projection of the angular motion onto the radial axis is determined 
by determining the relativistic angle f corresponding to a decrease m 
the electron wavelength and period due to relativistic length contracuon 
and time dilation of the electron motion in the laboratory inertial frame. 
Substitution of Eq. (1.55) into Eq. (1.237) gives 

A mt - h t (1.245) 

0 = £U " ^ 

The correction for the time dilation and length contraction due to electron 
motion gives the relativistic angle ft* as ^ 

0' = oj = h f f^ - ^{ ~ [£) ( 1 : 24 6) 




The period for a wavelength due to electron motion is 
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In X 



T=z ~ = _ (1.247) 

Only the elements of the second y'z'-quadrant need be considered due to 
symmetry and continuity of the motion. Thus, using Eqs. (1.245-1.246) 
for a quarter period of time , Eq. (1.244) ^becomes 

(1.248) 



sin 




+ r n cos 




The relativistic correction to the ionization energies is determined 
by using the corrected radius in Eq. (1.233). Using a phase matching 
condition, the wavelengths of the electron (Eq. (1.238)) and laboratory 
(Eq. (1.248)) inertial frames are equated, and the corrected radius is 
given by 

(1.249) 



r„ = r „ 



ll 



From Eqs. (1.233) and (1.249) the ionization energies are corrected by a 
factor y* of 

. 2* ^ (1.250) 



where the velocity is given by Eq. (1.56) with the radius given by Bq. 
H 2231 In Eq (1.223), the reduced mass is that of the corresponding 
nucleus'. Plots of ratio of the radii from Eq. (1.249) and the correction to 
the ionization energy y (Eq. (1.250)) as a function of the electron velocity 
v relative to the speed of light c are given in Figures 1.13 and 1.14, 
respectively. 
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Figure 1.13. The normalized radius as a 
contraction. 

1 



function of v/c due to relativistic 
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velocity (v/c) 
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to the one-atom-electron 



as.' ^ " ° — - — ":. 




0.2 



velocity (v/c) 



~ ^variant angular momentum and 
The electron possesses an -anant^ ang Th , 

magnetic moment of h and a m„Uieleetron atoms and 

invariance feature provides for the stab , u y J tically inte ract as 

the existence of excited states jherem elec ^ ^ ^ 

shown in the Two-Electron Atom sectio , * ^ § 

Eight, Nine, Ten, Eleven Twelve Thirte > Moms section and 

Seventeen, Eighteen Nineteen and ds to 

the Excited States of Hehu 7/f^ netic fie ld with a field strength that is 
a current which gives « se ^ r ^ m s a8 ^ d wherein the magnetic field is a 
inversely proportional to ; tS rtr ^ 1 ^ ld C 7 s ed shown by Jackson [42]. As there 
relativistic effect of the electric field as sho y Determinati on of 

is no electrostatic /«V-?»"«f *l S o T m^"' S e*/-en W for the 
Orbitsphere Radii section, there is also no * all stales 

bound'electron since *' m ^\?Z*£oZ»o»s field that does not 
the surface current is the source oi me term 1S 

exist inside of the electron as > given ^ by Eq V ^ ^ 
associated with the magn etjc ^^H^^ correction can be 
iS2f reftcrofXTectron 8 , magnetic field on the force 
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anH ftnereie s of other electrons and the nucleus which also 
balance and energ es of otn one -electron atoms, the nuclear- 

produce magnet* fields. In me ^ ^ ^ 

^ofTJS»^«^ in ^ deriVati ° n ° f <1229) '"ton 
hyd ogen atom The relativistically corrected ^SlT" 
energies given by the product of Eqs. (1.233) and (1.250) is 

,r _ _y- zV £■ = -y A Z 2 X 2.1799 X lO' 18 y = -y -^-Z 2 X 13.606 eV (1.251) 

where the reduced mass ' term fi e corresponds to the 
TelaTvistic correction and is only given by Eq. (1-224) for the hydrogen 
atom where Z-l. These energies are plotted in Figure 1.15 and are given 
in Table 1.5. 
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Figure 1.15. The relativistically corrected one-electron-atom ioinzation energies as a 
function of the nuclear charge Z. 



15000 




Experimental Ionization Energy (eV) 



• -O" Theoretical Ionization Energy (eV) 



> 

£q 1 0000 

I 

a 
o 

'S 
o 



2- 
a 

s 

1-1 

o 

On 



5000 




© 2003 by BlackUght Power, Inc. All rights reserved. 



154 



Table 1.5. Relativistically corrected ionization energies for some one. 

electron atoms. 



Onee 
Atom 



a 



H 

He* 
Li 2+ 
Be* 

B* + 

C 5+ 

N 6+ 

Mg"+ 

Al t2+ 
Si 1 * 

s ,5+ 
c/ ,6+ 

Ar il+ 
K l *+ 
Ca ,9+ 
Sc 70 * 

y22 + 

Cr 23 * 
Mn 24+ 
Fe*+ 
Co"+ 
Ni"+ 
Cu 28+ 



1 
2 

3 

4 

5 
6 
7 
8 
9 

1 0 
1 1 
1 2 

1 3 
14 
15 
1 6 
1 7 
1 8 
1 9 
20 

21 

22 

23 

24 

25 

26 

27 

28 

29 



Theoretical 
Ionization 
Energies 

(eV) b 



Experimental 
Ionization 
Energies 
(eV) c 



Relative 
Difference 
between 
Experimental and 

Calculated d 




1.000007 
1.000027 

1.000061 

1.000109 

1.000172 

1.000251 

1.000347 

1.000461 

1.000595 

1.000751 

1 .000930 

1.001 135 

1 .001368 

1.001631 

1.001927 

1.002260 

1.002631 

1.003045 

1.003505 

1.004014 

1.004577 
1.005197 
1.005879 
1.006626 
1 .007444 
1 .008338 
1 .009311 
1 .010370 
1 .011520 



13.59838 
54.40941 

122.43642 

217.68510 

340.16367 
489.88324 

666.85813 
871.10635 
1 102.65013 
1361.51654 
1647.73821 
1961.35405 

2302.41017 
2670.96078 
3067.06918 
3490.80890 
3942.26481 

4421 .53438 

4928.72898 

5463.97524 

6027.41657 

6619.21462 

7239.55091 

7888.62855 

8566.67392 

9273.93857 

10010.70111 

10777.26918 

11573.98161 



13.59844 
54.41778 

122.45429 
217.71865 
340.2258 
489.99334 

667.046 
871.4101 
1 103.1 176 
1362.1995 
1648.702 
1962.665 

2304.141 
2673.182 
3069.842 
3494.1892 
3946.296 
4426.2296 
4934.046 
5469.864 

6033.712 
6625.82 
7246.12 
7894.81 
8571.94 
9277.69 
10012.12 
10775.4 

11567.617 



0.00000 
0.00015 

0.00015 
0.00015 
0.00018 
0.00022 
0.00028 
0.00035 
0.00042 
0.00050 
0.00058 
0.00067 

0.00075 

0.00083 

0.00090 

0.00097 

0.00102 

0.00106 

0.00108 

0.00108 

0.00104 

0.00100 
0.00091 
0.00078 
0.00061 
0.00040 
0.00014 

-0.00017 

- 0.00055 

series, and 



a From theoretical calculations, interpolation of H isoelectronic and Rydberg 

experimental data [43-44]. 

b (p y periment aUtheoretical)/experimental. 

The agreement between the experimental and calculated values of 
Table 1.5 is well within the experimental capability of the spectroscopic 
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determinations including the values at large Z which relies on X-ray 
spectroscopy. In this case, the experimental capability is three to four 
significant figures which is consistent with the last column. The 
hydrogen atom isoelectronic series is given in Table 1.5 [43-44] to much 
higher precision than the capability of X-ray spectroscopy, but these 
values are based on theoretical and interpolation techniques rather than 
data alone. Ionization energies are difficult to determine since the cut-off 
of the Rydberg series of lines at the ionization energy is often not 
observed, and the ionization energy must be determined from theoretical 
calculations, interpolation of H isoelectronic and Rydberg series, as well as 
direct experimental data. 



c 
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APPENDIX I 

NONRADIATION BASED ON THE ELECTROMAGNETIC FIELDS AND 

THE POYNTING POWER VECTOR 

A point charge undergoing periodic motion accelerates and as a 
consequence radiates power P according to the Larmor formula: 

4ff£ 0 3c 3 

where e is the charge, a is its acceleration, e 0 is the permittivity of free 
space, and c is the speed of light. Although an accelerated point particle 
radiates, an extended distribution modeled as a superposition of 
accelerating charges does not have to radiate [1, 11, 16, 45-46]. An 
ensemble of charges, all oscillating at the same frequency, create a 
radiation pattern with a number of nodes. The same applies to current 
patterns in phased array antenna design [47]. It is possible to have an 
infinite number of charges oscillating in such as way as to cause 
destructive interference or nodes in all directions. The electromagnetic 
far field is determined from the current distribution in order to obtain 
the condition, if it exists, that the electron current distribution given by 
Eq. (6) must satisfy such that the electron does not radiate. 

The charge-density functions of the electron orbitsphere in 
spherical coordinates plus time are given by Eqs. (1.64-1.65). For Jl = 0, 
# = ^L£- and the charge-density function is 



inr n 



1=0 



p(r,e,0,o = -^m- oltf(M+ Y?(e,<i>)] (2) 



8nr a 



The equipotential, uniform or constant charge-density function (Eq. (164) 
and Eq. (2)) further comprises a current pattern given in the 
ORBITSPHERE EQUATION OF MOTION FOR t = 0 section. It also 
corresponds to the nonradiative n = l, I = 0 state of atomic hydrogen and 
to the spin function of the electron. The current-density function is given 
by multiplying Eq. (2) by the constant angular velocity 0)„. There is 
acceleration without radiation. In this case, centripetal acceleration. A 
static charge distribution exists even though each point on the surface is 
accelerating along a great circle. Haus' condition predicts no radiation for 
the entire ensemble. The same result is trivially predicted from 
consideration of the fields and the radiated power. Since the current is 
not time dependent, the fields are given by 
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VxH = J * (3) 

and 

VxE = 0 (4) 
which are the electrostatic and magnetostatic cases, respectively, with no 
radiation. 

In cases of orbitals of heavier elements and excited states of one 
electron-atoms and atoms or ions of heavier elements which are not 
constant as given by Eq. (1.65), the constant spin function is modulated 
by a time and spherical harmonic function. The modulation or traveling 
charge-density wave corresponds to an orbital angular momentum in 
addition to a spin angular momentum. These states are typically referred 
to as p, d, f, etc. orbitals and correspond to an £ quantum number not 
equal to zero. Haus' condition also predicts nonradiation for a constant 
spin function modulated by a time . and spherically harmonic orbital 
function. However, in the case that such a state arises as an excited state 
by photon absorption, it is radiative due to a radial dipole term in its 
current-density function since it possesses spacetime Fourier transform 
components synchronous with waves traveling at the speed of light as 
given in the INSTABILITY OF EXCITED STATES section. 

The nonradiation condition given by Eqs. (1.44-1.45) may be 
confirmed by determining the fields and the current distribution 
condition that is nonradiative based on Maxwell's equations. 

For X * 0, N = r. The charge-density functions including the 

4nr n 

time-function factor are 
A * 0 

p(r,0,0,O = ~^lS{r - r fl )][l?(e^) + Re{lJ m (0^y^}] (5) 

where Re{y, m (d,0y a>fl/ } = P/ , (cos0)cos(m^-hC(>^) and to keep the form of the 

spherical harmonic as a traveling wave about the z-axis, G) n = mG) n . Thus, 
0^ = 0 for m = 0. In the cases that m*0, Eq. (1.65) and Eq. (5) is a 

traveling charge-density wave that moves on the surface of the 
orbitsphere about the z-axis and modulates the orbitsphere 

corresponding to 1=0. Since the charge is moving time harmonically 
about the z-axis with frequency co n and the current-density function is 

given by the time derivative of the charge-density function, the current- 
density function is given by the normalized product of the constant 
angular velocity and the charge-density function. The first current term 
of Eq. (5) is static. Thus, it is trivially nonradiative. 



I 
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The current due to the time dependent term is 



2it ATtrL 

N[S(r-r n )]Rc{Y e m (9,<l>)e ia3 ''}[u x r] 



n 



2n Anr. 



n 



a> e 

n 



2k Ami 



(O e 

n 



In Aicr; 
on. e 



ft [<5(r - /- B )]Re(/f (cosd)e im *e^"')[u x r] 
rW [5(r- rj](/f (cos0)cos(m0 + ©;,f))[iixr] 



(6) 



2k r W [S(r - r n )](/> m (cos 0) cos(m0 + 0>„r))sin dip 

2ft Aitr. v ' 



where N and W are normalization constants. The vectors are defined as 



A A A 



2 uxr uxr a a , . , n . 

0 = 77 — g = -r-r; u = z = orbital axis (7) 

|MXr| sin© 

(8) 



A A 

9 = <pxr 



" A " denotes the unit vectors « = non-unit vectors are designed in bold, 

M 

and the current function is normalized. For time-varying electromagnetic 
fields, Jackson [48] gives a generalized expansion in vector spherical 
waves that are convenient for electromagnetic boundary-value problems 
possessing spherical symmetry properties and for analyzing multipole 
radiation from a localized source distribution. The Green function G(x\x) 
which is appropriate to the equation 

(V 2 + k 2 )G(x' ,x) = -S(x* -x) ( 9 ) 

in the infinite domain with the spherical wave expansion for the outgoing 
wave Green function is 

G(x '- x) = tt9t = fi i^>>)ic^ .*')ium ( i o) 

|x - X | e=Q m=s _ e 



General spherical coordinates are shown in Figure 1. 



<Q 2003 by BlackiJgnt Power, inc. All rights reserved. 

m r « 159 

Figure 1. Far field approximation. 

z 

A 




Jackson [48] further gives the general multipole field solution to 
Maxwell's equations in a source-free region of empty space with the 
assumption of a time dependence e ,0>nt : 



B = J^a E (l,m)f t {kr)X tm -L atl {4,m)V X£,(Ar)X,. ra ] 
E = llj a e(t>™)V X f ( {kr)X tm + a M (e,m)g t (kr)X tm ] 



(ID 



where the cgs units used by Jackson are retained in this section. The 
radial functions f g (kr) and g t {kr) are of the form: 

g / (fcr) = ^ l V') + A< J V 2) (12) 
X gm is the vector spherical harmonic defined by 

X,. m (»^) = ^= 71 yL^(0^) (13) 
where 



L = i(rxV) 

I 



(14) 



The coefficients a E (t 9 m) and a^i.m) of Eq. (11) specify the amounts of 
electric (l,m) multipole and magnetic (£,m) multipole fields, and are 
determined by sources and boundary conditions as are the relative 
proportions in Eq. (12). Jackson gives the result of the electric and 
magnetic coefficients from the sources as 

aE{e,m) = 1) j y "* { p j^< ( * r) i + f (r • 3)j < {kr) - * v • (r x wj^y* < 1 5 > 
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and 



respectively, where the distribution of charge p(x,f), current J(x,/), and 
intrinsic magnetization M(xj) are harmonically varying sources: p(x)e~° v , 
J(x)e~° v , and Af(x)*~ av '. From Eq. (6), the charge and intrinsic magnetization 

terms are zero. Also, the current J(x,f) is in the 0 direction; thus, the 
a E (e,m) coefficient given by Eq. (15) is zero since rj = 0. Substitution of 
Eq. (6) into Eq. (16) gives the magnetic multipole coefficient a M {i y m): 



^— —NS(r-or?(e.t)smei, 

n ., „ ■ - 



d 3 x (17) 



Each mass-density element of the electron moves about the z-axis along a 
circular orbit of radius r„sin0 in such a waty that 0, changes at a constant 

rate. That is <j> = (ot at time t where co n is the constant angular frequency 
given in Eq. (6), and 

r(t) = ir n sin 9 cos cot + jr n sin 9 sin ox (18) 

is the parametric equation of the circular orbit. Jackson gives the 
operator in the xy-plane corresponding to the current motion in this 
plane and the relations for Y f m (e 9 <t>) [48]. 

L ^ +i ^ =e j1e +icote i ) (19) 

LJ t m (0,4>) = J(£ - mX/ + m + l)y- +, (0,0) (20) 
Using Eq. (19), L- J of Eq. (16) is 



LjY? [9, </>)sin 6) = c'*^ + icot0 Jj\ Y ?( 9 > *) sin 9 



(21) 



Using Eq. (20) in Eq. (21) gives 

L + (l7"(0, 0)sin 6) = e"Y? (9, <(>)cos9 + sin 9^{£ - m\£ + m + l)y™ +1 (0,0) (22) 
The spherical harmonic is given as 

y " ( ^' 0) = ^ 1 (^m)! ir(COg0)< ^ = ' < 23 > 

Thus, Eq. (22) is given as 
L + (Y?(9,<l>)sin9) = 

e*N lm P?(cos9)e in * cos© + sin9^{£ - m)(£ + m + l)N e ra+1 />" +t (cos©y (M+,) * 
Substitution of Eq. (24) into Eq. (17) gives 



(24) 
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f L(kr)Y t m (9, <t>)5(r - r n ){ ' !_ 1 



3 X 



(25) 

Substitution of Y; m {0,<l>) = {-\) m Yf{e,<l>) and Eq. (23) into Eq. (25) and 
integration with respect to dr gives 

*«« [e* "N ' P" '(cosd)e imt cosO 

\{(-l) m N l P- m (cosO)e- in «\ ' , , Uinfitf&ty 

oo [+sin e§k - m)(£ + m + l)^ m+1 P / " +, (cos0y ( "' +,) ' J 

(26) 

The integral in Eq. (26) separated in terms of dd and <i0 is 

» f//- m P"(cos©)cos0 1 2 ? 

fH) m W< ./r"(cos0)) ' ' Uinftttfe'^ty 

o [+sin 0^/(i - m)(* +m + 1)^ m+l ^ m+, (cos0)J J 0 

(27) 

Consider that the </0 integral is finite and designated by 0, then Eq. (27) 
is given as 

aM,m)= Tf* 2 ™*-NjAkr a )e L'+df (28) 

From Eq. (11), the far fields are given by 
B = »a w (<,m)Vx ft (tr)X, M 

E = a„(/,m)£,(*r)X, m 
where a M (i y m) is given by Eq. (28). 

The power density P(t) given by the Poynting power vector is 

/>(*) = Ex H (30) 
For a pure multipole of order (£,m) J the time-averaged power radiated 

per solid angle given by Jackson [48] is 

= u m )| 2 |x I 2 (31) 

where a M {£ y m) is given by Eq. (30). 

Since the modulation function Y gm {d,<p) is a traveling charge-density 
wave that moves time harmonically on the surface of the orbitsphere 



I 
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about the z-axis with frequency <o ny <p of the spherical harmonic function 
is a function of t as shown in Eq. (18). The time dependence of the source 
current must also be evaluated in Eq. (28), and it can be written as 

a M (i,m) = i} ^Nj t (kr„)e fcos(mks(t))ds (32) 

where s(t) is the angular displacement of the rotating modulation function 
during one period T n and v is the linear velocity in the # direction. Thus, 

a u {t,m) = ~ e * + ~ ^Nj t (kr n )esm(mk V T n ) (33) 

= -0^^Nj e (kr„ )0sin(mfo) (34) 

In the case that k is the lightlike k°> then fc = G) n /c, and the sin(mJfcs) term in 

Eq. (34) vanishes for 

R=cT n (35) 

R7^ 1 =c - (36) 

Rf = c (37) 
Thus, 

5 = v r„ = /? = r n = A fl (38) 

as given by Eq. (1.248) which is identical to the Haus condition for 
nonradiation given by Eq. (1.45). Then, the multipole coefficient a M (£ y m) 

is zero. For the condition given by Eq. (38), the time-averaged power 

dP(£ tti) 

radiated per solid angle — — — - given by Eqs (31) and (34) is zero. There 

dSl 

is no radiation. 
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APPENDIX II 

QUANTUM ELECTRODYNAMICS (QED) IS PURELY MATHEMATICAL 

AND HAS NO BASIS IN REALITY 

The spin of the electron and the Lamb shift are calculated from first 
principles in closed form by Mills as shown in the Electron g Factor 
section and the Resonant Line Shape and Lamb Shift section, respectively. 
The spin angular momentum results from the motion of negatively 
charged mass moving systematically, and the equation for angular 
momentum, rxp, can be applied directly to the wave function (a current- 
density function) that describes the electron. The Lamb shift results 
from conservation of linear momentum of the photon. The Casimir effect 
is predicted by Maxwell's equations. These results demonstrate that QED 
has no basis in reality. 

Quantum mechanics failed to predict the results of the Stern- 
Gerlach experiment which indicated the need for an additional quantum 
number. Quantum electrodynamics was proposed by Dirac in 1926 to 
provide a generalization of quantum mechanics for high energies in 
conformity with the theory of special relativity and to provide a 
consistent treatment of the interaction of matter with radiation. It relies 
on the unfounded notions of negative energy states of the vacuum, 
virtual particles, and gamma factors. From Weisskopf [49], "Dirac's 
quantum electrodynamics gave a more consistent derivation of the 
results of the correspondence principle, but it also brought about a 
number of new and serious difficulties." Quantum electrodynamics; 1.) 
does not explain nonradiation of bound electrons; 2.) contains an internal 
inconsistency with special relativity regarding the classical electron 
radius — the electron mass corresponding to its electric energy is infinite; 

3. ) it admits solutions of negative rest mass and negative kinetic energy; 

4. ) the interaction of the electron with the predicted zero-point field 
fluctuations leads to infinite kinetic energy and infinite electron mass; 5.) 
Dirac used the unacceptable states of negative mass for the description of 
the vacuum; yet, infinities still arise. In 1947, contrary to Dirac's 
predictions, Lamb discovered a 1000 MHz shift between the 2 S ]n state and 

the 2 P U2 state of the hydrogen atom [50]. This so called Lamb Shift 

marked the beginning of modern quantum electrodynamics. In the 
words of Dirac [51], "No progress was made for 20 years. Then a 
development came initiated by Lamb's discovery and explanation of the 
Lamb Shift, which fundamentally changed the character of theoretical 
physics. It involved setting up rules for discarding ...infinities..." 
Renormalization is presently believed to be required of any fundamental 
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theory of physics [52]. However, dissatisfaction with renormalization has 
been expressed at various times by many physicists including Dirac [53] 
who felt that, "This is just not sensible mathematics. Sensible 
mathematics involves neglecting a quantity when it turns out to be 
small — not neglecting it just because it is infinitely great and you do not 
want it!" 

Throughout the history of quantum theory, wherever there was an 
advance to a new application, it was necessary to repeat a trial-and 
-error experimentation to find which method of calculation gave the right 
answers. Often the textbooks present only the successful procedure as if 
it followed from first principles and do not mention the actual method by 
which it was found. In electromagnetic theory based on Maxwell's 
equations, one deduces the computational algorithm from the general 
principles. In quantum theory, the logic is just the opposite. One chooses 
the principle to fit the empirically successful algorithm. For example, we 
know that it required a great deal of art and tact over decades of effort to 
get correct predictions out of QED. The QED method of the determination 
of (g-2)/2 from the postulated Dirac equation is based on a postulated 

power series of aln where each postulated virtual particle is a source of 
postulated vacuum polarization that gives rise to a postulated term which 
is processed over decades using ad hoc rules to remove infinities from 
each term that arises from postulated scores of postulated Feynman 
diagrams. The solution so obtained using the perturbation series further 
requires a postulated truncation since the series diverges. Mohr and 
Taylor reference some of the Herculean efforts to arrive at g using QED 
[54]: 

"the sixth-order coefficient A\ 6) arises from 72 diagrams and is also 
known analytically after nearly 30 years of effort by many 
researchers [see Roskies, Remiddi, and Levine (1990) for a review of 
the early work]. It was not until 1996 that the last remaining distinct 
diagrams were calculated analytically, thereby completing the 
theoretical expression for A, (6) ". 

For the right experimental numbers to emerge, one must do the 
calculation (i.e. subtract off the infinities) in one particular way and not 
in some other way that appears in principle equally valid. For example, 
Milonni [55] presents a QED derivation of the magnetic moment of the 
electron which gives a result of the wrong sign and requires the 
introduction of an 



"upper limit K in the integration over k^cofc in order to avoid a 
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divergence." 
A differential mass is arbitrarily added, then 

it 

"the choice K = 0A2mc/h yields (g-2)/2 = a/27t which is the relativistic 
QED result to first order in a. [...] However, the reader is warned not 
to take these calculations too seriously, for the result (g-2)l2 = at2n 

could be obtained by retaining only the first (radiation reaction) term 
in (3.112) and choosing K = 3mcf%h. It should also be noted that the 
solution Kzz0A2mclh of (3.112) with {g-2)l2 = al2n is not unique." 

Such an ad hoc nonphysical approach makes incredulous: 

" the cliche that QED is the best theory we have!" [56] 

or the statement that: 

"The history of quantum electrodynamics (QED) has been one of 
unblemished triumph" [57]. 

There is a corollary, noted by Kallen: from an inconsistent theory, any 
result may be derived. 

The QED determination of the postulated power series in a In is 
based on scores of Feynman diagrams corresponding to thousands of 
matrices with thousands of integrations per matrix requiring decades to 
reach a consensus on the "appropriate" algorithm to remove the intrinsic 
infinities. Remarkably, (g-2)/2 may be derived in closed form from 

Maxwell's equations in a simple straightforward manner that yields a 
result with eleven figure agreement with experiment — the limit of 
experimental capability. Rather than an infinity of radically different 
QED models, an essential feature is that Maxwellian solutions are unique. 
The derivation from first principles without invoking virtual particles, 
zero point fluctuations of the vacuum, and negative energy states of the 
vacuum is given in the Electron g Factor section. 

Furthermore, Oskar Klein pointed out a glaring paradox implied by 
the Dirac equation which was never resolved [58], "Electrons may 
penetrate an electrostatic barrier even when their kinetic energy, E-mc 2 
is lower than the barrier. Since in Klein's example the barrier was 
infinitely broad this could not be associated with wave mechanical tunnel 
effect. It is truly a paradox: Electrons too slow to surpass the potential, 
may still only be partially reflected. ...Even for an infinitely high barrier, 
i.e. r 2 =l and energies «lAfeV, (the reflection coefficient) R is less than 
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75%! From (2) and (3) it appears that as soon as the barrier is 
sufficiently high: V>2mc 2 , electrons may transgress the repulsive wall — 
seemingly defying conservation of energy. ...Nor is it possible by way of 
the positive energy spectrum of the free electron to achieve complete 
Einstein causality." 

The Rutherford experiment demonstrated that even atoms are 
comprised of essentially empty space [59]. Zero-point field fluctuations, 
virtual particles, and states of negative energy and mass invoked to 
describe the vacuum are nonsensical and have no basis in reality since 
they have never been observed experimentally and would correspond to 
an essentially infinite cosmological constant throughout the entire 
universe including regions of no mass. As given by Waldrop [60], "What 
makes this problem into something more than metaphysics is that the 
cosmological constant is observationally zero to a very high degree of 
accuracy. And yet, ordinary quantum field theory predicts that it ought 
to be enormous, about 120 orders of magnitude larger than the best 
observational limit. Moreover, this prediction is almost inescapable 
because it is a straightforward application of the uncertainty principle, 
which in this case states that every quantum field contains a certain, 
irreducible amount of energy even in empty space. Electrons, photons, 
quarks — the quantum field of every particle contributes. And that energy 
is exactly equivalent to the kind of pressure described by the 
cosmological constant. The cosmological constant has accordingly been an 
embarrassment and a frustration to every physicist who has ever 
grappled with it." 

Furthermore, a consequence of the Heisenberg Uncertainty 
principle and QED is that matter may be created from nothing, including 
vacuum. Taking quantum theory into account, Stephen Hawking [61-62] 
mathematically proved that blackholes must emit Hawking radiation 
comprising photons, neutrinos, and all sorts of massive particles. "The 
surface emits with equal probability all configurations of particles 
compatible with the observers limited knowledge. It is shown that the 
ignorance principle holds for quantum-mechanical evaporation of 
blackholes: The black hole creates particles in pairs, with one particle 
always falling into the hole and the other possibly escaping to infinity 
[62]." This QM theorem represents a perpetual motion machine with 
regard to spontaneous creation of mass and energy from the vacuum and 
with regard to gravitation. (QM also predicts a perpetual motion machine 
of the second kind [63-64]). Contrary to prediction, Hawking radiation 
has never been observed [65-67]. Classical laws including conservation 
of matter-energy are confirmed and QM is invalidated. 

The Casimir effect is often touted as proof of that the vacuum is 
teeming with infinities of virtual particles. The experiment comprises a 
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feeble force between to plates with precision machined surfaces that are 
brought within microns of contacting each other. The QED explanation of 
the weak force that is observed between the two plates is that the plates 
serve to limit the number of virtual particle modes between the plates as 
opposed to those outside the plates and the resulting imbalance in 
pressure between two infinite quantities gives rise to the feeble force 
[68]. 

The Casimir effect is predicted by Maxwell's equations and is not 
due to virtual particles. There is no reality to electromagnetic field zero 
point fluctuations and the implication that the Casimir force is an intrinsic 
property of space. The attractive force is due only to the interactions of 
the material bodies themselves. Lifshitz [69-70] first developed the 
theory of the attractive force between two plane surfaces made of a 
material with a general susceptibility. The Lifshitz calculation is 
developed from considerations of charge and current fluctuations in a 
material body. These fluctuations serve as a source term for Maxwell's 
equations, i.e. classical fields, subject* to the boundary conditions 
presented by the body surfaces. In the limiting case of rarefied media, 
the van der Waal force of interaction between individual atoms is 
obtained. 



* 
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APPENDIX III 

ANALYTICAL EQUATIONS TO GENERATE THE ORBITSPHERE 
CURRENT VECTOR FIELD AND THE UNIFORM CURRENT (CHARGE)- 

DENSITY FUNCTION y o °(0,0) 

STEP ONE BY THE ROTATION OF A GREAT CIRCLE ABOUT THE 

(i„i y ,0i t )-AXIS BY 2n 

Great Circle in the yz-PIane about the (i s ,i,,0i a )-Axis 

Following the procedure given in Fowles [71], the orbitsphere-cvf 
component of STEP ONE is generated by the rotation of a great circle in 
the yz-plane about the (i„,i y ,0i,)-axis by 2n. A first transformation matrix 
is generated by the combined rotation of a great circle in the yz-plane 
about the z-axis by — then about the x-axis by 9 where positive rotations 
about an axis are defined as clockwise: 



y 

z' 



C °{f) 



-sin^^jcostf cos 



(5) 



o 



!cos0 sin© 



COS0 



0 

r„cos0 
r„sin0_ 



(1) 



The transformation matrix about (i E ,i Jf 0l B ) is given by multiplication of 
the output of the matrix given by Eq. (1) by the matrix corresponding to 



a rotation about the z-axis of The output of the matrix given by Eq. 

(1) is shown in Figure 1 wherein 0 is varied from 0 to 2k. 



V 
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Figure 1. The current pattern given by Eq. (1) shown with 6 degree 
increments of 9 from the perspective of looking along the z-axis. The 
great circle current loop that served as a basis element that was initially 
in the yz-plane is shown as red. 




The rotation matrix about the z-axis by ~, zrot^~- ^j, is given by 



- sin (f) 0 



0 



0 



1 



(2) 



Thus, 
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= zrot 
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co {?) 

-sin(f) 
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r n sin<p_ 
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Substitution of the matrix given by Eq. (2) into Eq. (3) gives 
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y 

z* 



(1- 



cosfl^ sind . . 
— — y„ cos 0 ^- r n sin 0 



V2 



cosdH . sin0 
2 ) n V2 " 



sing 
V2 



r„ cos0 + cos ft; sin 0 



(5) 



is generated 
(^VOiJ-axis 



by 
by 



the 
2n 



The orbitsphere-cvf component of STEP ONE that 
rotation of a great circle in the yz-plane about the 

corresponding to the output of the matrix given by Eq. (5) is shown in 
Figure 2 wherein the sign of 0 is positive for Q<0<tz and negative for 
n<0<2n in order to give the angular momentum projections given in the 
Orbitsphere Equation of Motion for i= 0 section. 

Figure 2. The current pattern of the orbitsphere-cvf component of STEP 
ONE shown with 6 degree increments of 0 .from the perspective of looking 
along the z-axis. The yz-plane great circle current loop that served as a 
basis element that was initially in the yz-plane is shown as red. 




Great Circle in the xz-Plane about the (i st i y ,0i a )- Axis 

Alternatively, STEP ONE comprises the rotation of a great circle in 
the xz-plane about the (i a J y ,0i a )-axis by 2tt. The coordinates of the great 

circle are given by the matrix: 
'jt 1 \r n cos $ 

y = o (6) 

z'J [r n sirup 

The matrix for the rotation about the (i s ,i y ,0i,)-axis is given by Eq. (4) 

wherein 9 is varied from 0 to In and the sign of 0 is positive for 0<>0<n 
and negative for n<B<2n in order to give the angular momentum 
projections given in the Orbitsphere Equation of Motion for £= 0 section. 
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The current pattern that is equivalent to that shown in Figure 2 is shown 
in Figure 3. 

Figure 3. The current pattern of the orbitsphere-cvf component of STEP 
ONE shown with 6 degree increments of 9 from the perspective of looking 
along the z-axis. The great circle current loop that served as a basis 
element that was initially in the xz-plane is shown as red. 



+x 

It follows from the results shown in Figures 2 and 3 that the 
component orbitsphere-cvf for STEP ONE can further be generated by the 
rotation of the linear combination of the basis-element great circles in the 

yz- and xz-planes about the (i x ,i y ,0i x )-axis by k using Eqs. (4) and (6) 

wherein 0 is varied from 0 to k. It is a general feature for the 
generation of the components given in this Appendix that a linear 
combination of the orthogonal basis-element great circles can used rather 
than a single element wherein the range of 6 is varied from 0 to k rather 
than from 0 to 2^. 

STEP TWO BY THE ROTATION OF A GREAT CIRCLE ABOUT THE 
(-i„0i,,i B )-AXIS BY 2k FOLLOWED BY A ROTATION ABOUT THE Z- 

AXIS BY - 

4 

Great Circle in the xy-Plane about the (-i^OiyJ^-Axis by 2k 

Followed by a Rotation about the z-Axis by — 

4 

Following the procedure given in Fowles [71], the orbitsphere-cvf 
component of STEP TWO is generated by the rotation of a great circle in 

the xy-plane about the (-i x ,0i y ,i z )-axis by 2k followed by a rotation about 

the z-axis by — . A first transformation matrix is generated by the 

4 
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combined rotation of a great circle in the xy-plane about the y-axis by 



7t 



— then about the z-axis by d: 

4 



y 

z' 



(!) 



COS cos0 sinO 



sin^-jcosfl 



-cos^^sinfl cos0 



.- sin (f) 



o 



-sin(0i 



r n cos0 
r„sin0 
0 



(7) 



The transformation matrix about (-i.,0iy,i B ) is given by multiplication of 
the output of the matrix given by Eq. (7) by the matrix corresponding to 

a rotation about the y-axis of — . The output of the matrix given by Eq. 

4 

(7) is shown in Figure 4 wherein 0 is varied from 0 to 2k. 

Figure 4. The current pattern given by ' Eq. (7) . shown with 6 degree 
increments of 0 from the perspective of looking along the z-axis. The 
great circle current loop that served as a basis element that was initially 
in the xy-plane is shown as red. 




The rotation matrix about the y-axis by ~, y ro ^^"j» IS g* ven by 



yro (i) = 



cos(f) 0 -sin(f) 



0 



-(f) 



0 

1 

0 



0 



(8) 



C Kf). 



Thus, 
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y 



= yrot 



(!) 



cos^^Qcosfl sin0 
-cos^Qsinfl cosfl 



--(f) 



o 



s,n UJ C( 

-sin(f)i 
C °{f) 



/;cos0 
r B sin0 
0 



(9) 



Substitution of the matrix given by Eq. (8) into Eq. (9) gives the current 
pattern for the rotation of the xy-plane great circle about the (-i^Oi,,!,)- 

axis as shown in Figure 5: 
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1 COS© 
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r a cos# 
r.sin^ 
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(10) 



Figure 5. The current pattern for the rotation of the xy-plane great circle 
about the (-i x ,0i y ,ij-axis (Eq. (10)) shown with 6 degree increments of 6 

from the perspective of looking along the z-axis. The great circle current 
loop that served as a basis element that was initially in the xy-plane is 
shown as red. 
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using zro 
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K 

STEP TWO is then given by a rotation of this result about z-axis by — 



given by 
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(11) 



Thus, STEP TWO is given by 
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cos^Qcosfl sinfl 
— cos^Jsinfl cos© 
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Substitution of the matrices given by Eqs. (8) and (11) into Eq. (12) gives 
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(12) 
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(15) 



The orbitsphere-cvf component of STEP TWO that is generated by the 
rotation of a great circle in the xy-plane about the (-i s ,0i,,i s )-axis by 2n 

followed by a rotation about the z-axis by — corresponding to the output 

of the matrix given by Eq. (15) is shown in Figure 6 wherein the sign of 0 
is positive for O<0<2/r in order to give the angular momentum 
projections given in the Orbitsphere Equation of Motion for 0 section. 

Figure 6. The current pattern of the orbitsphere-cvf component of STEP 
TWO shown with 6 degree increments of 9 from the perspective of 
looking along the z-axis. The great circle current loop that served as a 
basis element that was initially in the xy-plane is shown as red. 




Great Circle in the yz-Plane about the (-i,,0i y ,i a )-Axis by In 
Followed by a Rotation about the z-Axis by — 

4 

Alternatively, Step Two comprises the rotation of a great circle in 
the yz-plane about the (-i x ,0i y ,i,)-axis by 2k followed by a rotation about 

the z-axis by — . The coordinates of the great circle are given by the 

4 

matrix: 
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~Jt~ 




0 * 
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r n cos<p 






r n sintp 



(16) 



The matrix for the rotation about the (~i x ,Oi y ,i x )-axis by 2k followed by a 

k 

rotation about the z-axis by — is given using Eq. (13) wherein 0 is varied 

4 

from 0 to 2k and the sign of 0 is positive for 0<9<2k in order to give the 
angular momentum projections given in the Orbitsphere Equation of 
Motion for t= 0 section. The current pattern that is equivalent to that 
shown in Figure 6 is shown in Figure 7. 

Figure 7. The current pattern of the orbitsphere-cvf component of STEP 
TWO shown with 6 degree increments of 9 from the perspective of 
looking along the z-axis. The great circle current loop that served as a 
basis element that was initially in the yz-plane is shown as red. 




+x 

STEP TWO BY ROTATION OF A GREAT CIRCLE ABOUT THE 

(-i x ,i y ,iJ-AXIS BY 2k 

The orbitsphere-cvf component of STEP TWO is also generated by 
the rotation of a great circle about the (-i x ,i y ,i 1 )-axis by 2k wherein the 

basis-element great circle bisects the xy-quadrant and is parallel to the 
z-axis. The coordinates of the great circle are given by the matrix that 

rotates a great circle in the yz-plane by — : 
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Since STEP TWO is given by the rotation of the yz-plane basis-element 
great circle (Eq. (16)) about the - (-i s ,OI,,f a )-axis by In followed by a 

rotation about the z-axis by — using Eq. (13), the equivalent result may 

4 

be obtained by first rotating the great circle given by Eq. (18) about the 
z-axis by ~, *™'(^~^)' then a PPty in g E< 1- 
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Using zro^-jj from Eq. (2) gives 
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where the sign of 0 is positive for O<0<2;r in order to give the angular 
momentum projections given in the Orbitsphere Equation of Motion for 
0 section. The current pattern of the orbitsphere-cvf component of 
STEP TWO that is generated by the rotation of a great circle in the xyz- 
plane about the (-i x ,i y ,i x )-axis by 2k corresponding to the output of the 
matrices given by Eqs. (20-22) is equivalent to that shown in Figures 6 
and 7. In the (-i x ,i y ,i,)-rotational-axis case, the great circle current loop 

that serves as a basis element and initially and finally bisects the xy- 
quadrant and is parallel to the z-axis is shown as red in Figure 7. 

The current pattern of the orbitsphere-cvf component of STEP TWO 
shown in Figure 6 is also generated by the rotation of a great circle in the 
xy-plane about the (-l„i,,i B )-axis by 2tt. Here, the great circle given by 
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positive for Q<d<*2n in order to give the angular momentum projections 
given in the Orbitsphere Equation of Motion for £= 0 section. 

CHARACTERISTICS OF THE ORBITSPHERE-CVF 

From Eqs. (1.73a) and (1.73b), angular momentum components of 

the orbitsphere-cvf are 1^ = 7 and L,-£. The corresponding resultant 
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angular momentum vector, L R , has magnitude along the direction of 

37T 

the spherical-coordinate angles 0 = 0.4636 rad, 0 = — rad. To obtain the 

4 

view along L R , the orbitsphere-cvf is first rotated counter clockwise 
about the vector (i„i y ,0i x ) by an angle -0.4636 rad using Eq. (4) or Eq. 
(1.70a) wherein Aa,. and Aa f . are each -a/2 (0.4636) rad to align L R with the 
z-axis as shown in Figure 8. 

Figure 8. The current pattern of the orbitsphere-cvf shown with 6 
degree increments of the infinitesimal angular variables ±Aa r and ±Aa f 

from the perspective of looking along the z-axis onto which L R , the 
resultant angular momentum vector of the and L z components, was 

aligned. 



The angular momentum is constant with respect to rotation of the 
orbitsphere-cvf about the axis of the resultant angular momentum 
vector, L R . In this case, the corresponding component angular 
momentum L_, is rotationally constant about the xy-axis, and the 
corresponding L x and L y components are rotationally constant about the 
x- and y-axes, respectively. The component L z is further rotationally 
constant about the z-axis. The constancy of the angular momentum with 
respect to rotation of the orbitsphere-cvf about each of the principal axes 
determines that the corresponding rotational symmetry of each axis is C m 
for the corresponding component even though the spatial symmetry of 
the current distribution is less. The angular-momentum axis of each 
component orbitsphere-cvf corresponding to either STEP ONE or STEP 
TWO is also a Q.-axis. Each component is comprised of great circles, and 
each great circle has a spatial and angular-momentum Q-axis 
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perpendicular to the plane it defines. In addition, each component as 
well as the orbitsphere-cvf has the origin as a spatial inversion center 
(Q) as shown in Figure 1.5A-F. 

Each component orbitsphere-cvf has an infinite number of spatial 
Q-axes that lie in a symmetry plane (a v -plane) with a perpendicular 
spatial C-axis. Consider that the C 2 - and C^-axes shown in Figure 9 are 
defined as the z-axis and the y-axis of the STEP-ONE component, 
respectively. The x-axis is perpendicular to the y- and z-axes. Then, the 
o v -plane is the xz-plane. The parameters of the width a from the center 
at the position of the a v -plane to the edge of the STEP-ONE component of 
the orbitsphere-cvf and the distance b from the edge to the apex of a 
circle defined by the orthogonal STEP-TWO component orbitsphere-cvf 
are shown in Figure 9. Also shown is the angle 9 between the C_-axis (y- 
axis) of the STEP-ONE component and the intersection of the edge of the 
two orthogonal component orbitsphere-cvfs. By symmetry, this is also 
the angle between the a v -plane and the edge. These parameters can be 
related to the radius r n of the orbitsphere-cvf. From Figure 9, the 
relationship between the radius and the width is 

a 2 +a 2 =r n 2 (24) 
Thus, the width is 

a=J k < 25 > 

Since 

a + b = r n (26) 

the distance from the edge of the STEP-ONE component to the to the apex 
at the STEP-TWO component using Eq. (25) is 

The angle 9 is then 



e = cos-'^ = ^ 
r_ 4 



(28) 



As shown in Figure 9, the current density of the STEP-ONE 
component orbitsphere-cvf is constant along the C 2 -axis (z-axis) and 
increases from the origin to the edge along the C_ -axis'. Since the current 
is on a sphere, the corresponding polar coordinates along this span are 

from 0 = 0 to 0 = —. It can be appreciated from Figure 2 that at 0 = 0, the 

4 

great circles are initially at an angle of 9 = — relative to the C 2 -axis as 

4 
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n 



defined in Figure 9 and are at an angle ff = 0 at 0 = -. Thus, the 



71 



differential area per loop is given by the cosine of the angle 0 + -, and the 

density D is given by the inverse of the area function: 

D = sec(* + f) (29) 

Figure 9. Schematic of the relative dimensions of the component 

orbitsphere-cvfs (STEP-ONE component shown in blue and STEP-TWO 

component shown in red) that make-up the orbitsphere-cvf. 

z 



C2 ax »sfor Step 1 
component 




Cc« axis for Step 1 
component 

^ y 



THE UNIFORM CURRENT (CHARGE)-DENSITY FUNCTION Y 0 °(^d) 

Boundary Constraints 

The further constraint that the current density is uniform such that 
the charge density is uniform, corresponding to an equipotential, 
minimum energy surface is exactly satisfied by using the orbitsphere-cvf 
as a basis element to generate y o °(M). Utilizing the symmetry properties 
of each component of the orbitsphere-cvf corresponding to either STEP 
ONE or STEP TWO and the orthonormality of the trigonometric functions 
that generate the orbitsphere-cvf, a convolution operator comprising an 
autocorrelation-type function [72] gives rise to the spherically-symmetric 
current density, Y 0 °(<f>,0). The operator comprises the convolution of each 
great circle current loop of the orbitsphere-cvf designated as the primary 
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orbitsphere-cvf with a second orbitsphere-cvf designated as the 
secondary orbitsphere-cvf. The angular momenta of the convolved 
elements are matched. The elements are also orientation matched by 
rotation of the secondary about the appropriate axis (axes), and the 
elements are phase matched using a rotation of each secondary 
orbitsphere-cvf element about its C^-axis. The convolution is over the 
angular span 0 = 0 to 0 = 2n corresponding to the rotation of the basis- 
current loop which generated the primary orbitsphere-cvf. The angular 
momenta of the secondary elements project onto the resultant, angular 
momentum axis, L R -axis, of the primary orbitsphere-cvf equivalently to 
those of its great circles. The resulting exact uniform current distribution 
obtained from the convolution has the same angular momentum 

distribution, resultant, L R , and components of = - and L * = 2 aS th ° SC 
of the orbitsphere-cvf used as a primary basis element. 

Properties of the Orbitsphere-cvf Permissive to Generate K o °(0,0) 
First, consider the symmetry properties of the each of the two 
orthogonal components the orbitsphere-cvf corresponding to STEP ONE 
and STEP TWO. As shown in the previous sections and the Orbitsphere 
Equation of Motion for e= 0 section, a basis-element great circle is rotated 
by 2k to generate the same current pattern as that generated over the 
surface by a set of an infinite series of nested rotations of two orthogonal 
great circle current loops using Eqs. (1.70a- 1.70b). The resulting 
component orbitsphere-cvf is always perpendicular to the 2^-axis of 
rotation used to generate the component from the great circle. This 2jt- 
rotational axis defines a unique C-axis which serves as a vector to 
characterize the angular momentum of the orbitsphere-cvf great circles. 
The resultant angular momentum of any given nth pair of great-circle 
elements defined by the rotational angle of the nth great circle at 0 = 0 fl 
and its orthogonal partner at 0 = 0 n +/r may be along the C^-axis or 
perpendicular to it depending on the current direction of the great circles 
for O<0<7T and n<0<2n. In the case that the angular momentum is 
perpendicular to the C^-axis, the angular momentum vector rotates about 
the CL-axis by k as a function of 0 of Eq. (5) or as a function of 0 of Eqs. 
(1.71a-1.71b) as shown in Figure 1.6. Also, shown in Figure 1.6 is an 
example of a stationary angular momentum vector that results when the 
angular momentum of each pair of great circles is along the C^-axis. 

As a further example of a stationary orbitsphere-cvf angular 
momentum vector, consider the case of STEP ONE using the great circle 
current loops shown in Figure 1.4A as the basis elements. Each 
infinitesimal rotation of the infinite series of Aa is about the new i'-axis 
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and new j'-axis which results from the preceding such rotation wherein 

the angular sum of the rotations about each rotating i'-axis and j'-axis 

jo- 
totals — n radians. When the Aa angles of Eq. (1.70a) have opposite 
2 

h 

signs, the resultant angular momentum vector of magnitude ^= shown 

in Figure 1 .4A is stationary throughout the nested rotations that 
transform the axes as given in Table 1 during the generation of the 
component of the orbitsphere-cvf. The resulting component orbitsphere- 
cvf called STEP ONE ± is orthogonal to that of STEP ONE given using Aa 
angles of the same sign as shown by comparing Figures 2 and 11. 



Table 1. Summary of the results of the matrix transformations of two 
orthogonal current loops to generate a component orbitsphere-cvf with a 
st ationary angular momentum vector. 



• 

Step 


Initial 
Direction of 

Angular 
Momentum 
Components 

( rxk) a 


Final 
Direction of 

Angular 
Momentum 
Components 

( f x£) a 


Sign of 
Aa. 


Sign of 
Aa f 


Initial to Final 

Axis 
Transformation 






1 ± 


x, -y 


-y 




-A« v . 


— > -y 


h 


h 












+y -» -x 


4 


4 












-z 







a K is the current density, r is the polar vector of the great circle, and " A " denotes the 



unit vectors u^~- t - 

M 

The nested rotations is also equivalent to rotating the orthogonal- 
great-circle basis set about the axis (i x ,-i y ,0i x ) by an angle n or one of the 
great circles by 2n. 

Component Orbitsphere-cvf Orthogonal to that of STEP ONE by 
the Rotation of a Great Circle about the (i x> -i y ,0i x )-Axis by 2n 

Great Circle in the yz-Plane about the (i x> -i y ,0i t )- Axis 

Following the procedure given in Fowles [71], the component 
orbitsphere-cvf that is orthogonal to that of STEP ONE (STEP ONE ±) is 
generated by the rotation of a great circle in the yz-plane about the 
^ ,-i y> oi x )-axis by 2n. A first transformation matrix is generated by the 
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combined rotation of a great circle in the yz-plane about the z-axis by — 

4 

then about the x-axis by 6 where positive rotations about an axis are 
defined as clockwise: 



y 



co {f) 

sin^jcosfl 
-sin^jsinfl 



- sin — 



0 



cos^Jcosfl sin0 
- cos^^sinfl cos0 



0 

r rt cos0 
r sin0 



_ n 



(30) 



The transformation matrix about (i x> -i,,0i a ) is given by multiplication of 
the output of the matrix given by Eq. (30) by the matrix corresponding to 

a rotation about the z-axis of — . The output of the matrix given by Eq. 

4 

(30) is shown in Figure 10 wherein 0 is varied from 0 to 2n. 

Figure 10. The current pattern given by Eq. (30) shown with 6 degree 
increments of 0 from the perspective of looking along the z-axis. The 
great circle current loop that served as a basis element that was initially 
in the yz-plane is shown as red. 




+x 



The rotation matrix about the z-axis by — , zrot\ — J, is given by Eq. 
Thus, 



(ii). 



y 

i 



= zrot 



(!) 



CO! 



sin^^Qcos0 



cos^jjcosfl sin0 



-sin^^Qsin0 -cos^jsin0 cos0 
Substitution of the matrix given by Eq. (11) into Eq. (31) gives 



0 

r n cos0 
/„sin#_ 



(31) 
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y 



1 cos0 

— + 

2 2 

1 cos0 

— + 

2 2 
sin 0 



1 COS0 



1 cos 5 

— + 

2 2 

sin0 



y 
t 



W 



V2 V2 

Ir„cos0 + 



sing 
sing 

COS0 

sind 



0 

r n cos0 
r sin0 



(32) 



r sin0 



2 J" -12 

cosfl^ . sin0 . , 
r cos0 + — ^-r„ sin ffl 

2 J" V2 " 



sing 
V2 



i; cos#+ cos0r n sin# 



(33) 



orthogonal to that of STEP ONE 
great circle in the yz-plane about 



The component orbitsphere-cvf that is 
that is generated by the rotation of a 
the (i x ,-i y ,0i z )-axis by 2n corresponding to -the output of the matrix given 

by Eq. (33) is shown in Figure 1 1 wherein the sign of 0 is positive for 
O<0</rand negative for n<Q<2n in order to give the currents directions 
shown in Figure 1.4A. The angular momentum vector is stationary along 
the (i x ,-i y ,0i 2 )-axis as shown in Figure 1.4A of the Orbitsphere Equation of 
Motion for £= 0 section. The same result is given by the rotation of a 
great circle in the xz-plane about the (i x ,-i y ,0i z )-axis by 2/r using Eqs. (6) 

and (32). 
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Fieure 11 The current pattern of the orbitsphere-cvf component given 
by Eq (33) that is orthogonal to that of STEP ONE shown with 6 degree 
increments of 6 from the perspective of looking along the z-axis. The yz- 
plane great circle current loop that served as a basis element that was 
initially in the yz-plane is shown as red. 




+x 



Matching Phase, Angular Momentum, and Orientation 

For STEP ONE -L, the resultant angular momentum vector, L R , is 
along (i,.-« y .0i t ). The angular momentum is constant for any rotation 
about the axis! thus, it is a C.-axis relative to the angular momentum. 
However rotation about this axis does change the phase (coordinate 
position relative to the starting position) of the component orbitsphere- 
cvf. For example, a rotation by n about the (i a ,-l,.01 s )-axis using Eq. (32) 

causes the basis-element great circle to rotate by | about the z-axis as 
shown in Figure 12. The rotation matrix about the (i^.-i^Oi.J-axis by it, 
(l^-lj.OiJrorOO. is 8 iven b y 



(i„-i,,0i I )r O /(^) = 



"1 

2 


COS7T 
+ 

2 


1 COS7T 

'2 + 2 


sin/r 

4i 




1 COS7T 


1 COS7T 


sin^ 




— + 

2 2 


— + 

2 2 


V2 




sin/r 


sin7T 


COS^ 


_ 


V2 


V2 



0 

-1 

0 



-1 

0 
0 



0 
0 

-1 



(34) 



Thus, 



© 2003 by BlackLight Power, Inc. All rights reserved 



♦ 187 



y 

i 



= (i, -i,.0i,H(*r) 



1 COSg 

— + 

2 2 

1 COS0 

— + 

2 2 

sing 



1 COSg 

"2 + — 

1 COS© 

sind 



sing 
•V2 
sing 

COS© 



0 

^COS0 

rsin0 



_ n 



(35) 



. V2 

Substitution of the matrix given by Eq. (34) into Eq. (35) gives the 
current pattern for the - phase shift relative to the z-axis corresponding 

mm 

to a rotation of the component orbitsphere-cvf given by Eq. (32) about 
the (i^-iy.Oi.J-axis by n as shown in Figure 12: 



y 

i 



. 2 ^ 2 

sin - -cos - 



9 

2 



2 e 

-cos — 
2 

sing 



. i0 
sin — 

2 

sing 



LV2 



V2 



— cos 2 — r n cos0- 



sing 
" V2 
sing 

-cosg 
sing 



0 

/;cos0 
r sin0 



(36) 









y 








sin — i 
2 






sind 




LV2 r " 



V2 
sing 



r sin</> 



-^sin* 
r„ cos0 - cos ft; sin 0 



(37) 
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Figure 12. The current pattern given by Eq. (37) shown with 6 degree 
increments of 6 from the perspective of looking along the z-axis obtained 
from Eq. (32) by rotation about the (i x ,-i y ,0i x )-axis by n using Eq. (34). 

The great circle current loop that served as a basis element that was 
initially in the yz-plane is shown as red. 




In general, for the stationary-angular-momentum-vector case, the 
angular momentum vector along the Q-axis is always at an angle of — 

relative to the plane of the basis-element great circle that generated the 
component orbitsphere-cvf. Thus, the plane of the great circle relative to 

the xyz coordinate system can be rotated over a span of ±— by rotation 

4 

about L R . The rotation of the basis-element great circle corresponds to 
changing the phase of the component orbitsphere-cvf in Eq. (38). The 
phase of the secondary component orbitsphere-cvf can be matched to 
that of the basis-element great circle of a primary component 
orbitsphere-cvf by rotation about L R . Furthermore, each component 
orbitsphere-cvf is comprised of great circles, and each great circle has a 
Q-axis perpendicular to the plane. This feature further permits the 
phase within the great circles of the secondary component orbitsphere- 
cvf to be matched to that of the basis element great circle of the primary. 

Since the angular momentum vector is stationary and is a CI, -axis, 
the secondary component orbitsphere-cvf can be made to match the 
angular momentum of the basis-element great circle of any primary 
component orbitsphere-cvf by rotations that align the vector of the 
former with that of the latter. In addition to phase and angular 
momentum, the orientation of the secondary component orbitsphere-cvf 
is matched to that of the great circles elements of the primary, by 
rotation about the appropriate axis that aligns the angular momenta and 
orientation of the secondary component orbitsphere-cvf with the basis- 
element great circle of the primary. Thus, the secondary component 
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orbitsphere-cvf serves as a basis element in a convolution operator as 
shown in the Convolution Operator section. 

CONVOLUTION OPERATOR 

The orbitsphere-cvf comprises two components corresponding to 
each of STEP ONE and STEP TWO. In the case that the resultant angular 
momentum of each pair of orthogonal great circle current loops of the 
component orbitsphere-cvf is along the 2^r-rotational axis, a secondary 
nth component orbitsphere-cvf can serve as a basis element to match the 
angular momentum of any given nth great circle of a primary component 
orbitsphere-cvf. The replacement of each great circle of the primary 
orbitsphere-cvf with a secondary orbitsphere-cvf of matching angular 
momentum, orientation, and phase comprises an autocorrelation-type 
function [72] that exactly gives rise to the spherically-symmetric current 
density, Y 0 °(<l>,9). 

The orbitsphere-cvf comprises the superposition or sum of the 
components corresponding to STEPS ONE and STEP TWO. Thus, the 
convolution is performed on each component. The convolution of a 
secondary component orbitsphere-cvf element with the each great circle 
current loop of a primary orbitsphere-cvf comprising two components is 
designated as the convolution operator, A(</>,6), given by 

m m ( s{Gc STEP0NE (<i> t e - iff a)) ) 

wherein the secondary component orbitsphere-cvf is defined by the 
symbol 0(r rt ,0,0)-cv/) and each rotated great circle of each component 
orbitsphere-cvf of STEP M is defined by the symbol GC srmt (4f 9 0 M ). In Eq. 
(38), the angular momentum of each secondary component orbitsphere- 
cvf is equal in magnitude and direction as that of the current loop with 
which it is convolved. Furthermore, the orientations and phases of the 
convolved elements are matched by rotating the secondary component 
orbitsphere-cvf about the appropriate principle axis (axes) and about the 
C-axis along its angular momentum vector, respectively. With the 
magnitude of the angular momentum of the secondary component 
orbitsphere-cvf matching that of the current loop which it replaces 
during the convolution and the loop then serving as a unit vector, the 
angular momentum resulting from the convolution operation is 
inherently normalized to that of the primary component orbitsphere-cvf. 

The convolution of a sum is the sum of the convolutions. Thus, the 
convolution operation may be performed on each of STEP ONE and STEP 
TWO separately, and the result may be superposed in terms of the 
current densities and angular momenta. 



190 



© 2003 by BlackLight Power, Inc. All rights reserved. 



1 



r 

n 



2n 
|A*,| 



limZ 0{r n> <p,d)®S(fr8-GC 



STEPONE 



(*.*.)) 



2a 



(39) 



Factoring out the secondary component orbitsphere-cvf gives 

lim Z, GC stepone\<P A)+ Urn X GC 



A(0^) = 4-O(r n ,0,0)-cv/ 



'STEPTWO 



v 



(40) 



The summation is the operator that generates the component 
orbitsphere-cvf of STEP M, O M {r tt ,<t>,0) - cyf . Thus, the current-density 

function is given by the primary orbitsphere-cvf squared comprised of 
two superimposed components. 

Mm = j?{0?-cvf{r B ,4>,e) + OZ-cvf{r a ,<l>,d)) - (41) 

n 

COMPONENT ORBITSPHERE-CVF SQUARED FOR STEP ONE USING 
THE ROTATION OF A GREAT CIRCLE ABOUT THE (i„i y ,0i 2 )-AXIS BY 

2k 

From Eq. (5), the equation for the component orbitsphere-cvf 
squared for STEP ONE is given by 

~m 

((I cos9\ sin9 



x 1 + y 2 + z 2 = 



V2 



ffl cos^ . sinO 
M 2 + — J n cos0 + —f=r- r _ sin 



V2 



in 0J 



( sin0 



cps^ + cosft: 



(42) 
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Multiplying out the squared terras gives 



COS©Y 2 2 j, Sin © 2 2 
COS 0 H 



r n 2 sin 2 £ 



COS©^ 



sin© 



kcos0^-r B sin0 

„:„2 n 

r 2 sin 1 0 



cosflY 2 2 . , sin 2 0 
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f 1 cosd\ , sin0 . 
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V2 



r cos0cosflr„sin0 



Further multiplying out the squared terms gives 



jt 2 + y 2 +z 2 = r 2 
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Combining terms gives 

cos 2 © sin 2 © 
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COS 2 0 
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+(sin 2 © + cos 2 ©)sin 2 0 

Y cos©^ . sin© . 
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cos0cos0sin0 



Using the trigonometric identity: 

sin 2 6 + cos 7 6 = 1 
gives 
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(44) 



(45) 



(46) 
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x 2 + y 2 + z 2 



-*[(H) 



cos 2 <p + sin 2 0 



] 



(47) 



By using the trigonometric identity of Eq. (46) for 0, Eq. (47) becomes 



x 2 + y 2 + z 2 = r n 2 



(48) 



which is the equation of a uniform sphere. 



COMPONENT ORBITSPHERE-CVF SQUARED FOR STEP TWO USING 
THE ROTATION OF A GREAT CIRCLE ABOUT THE (-i„0i,,i,)-AXIS BY 

In FOLLOWED BY A ROTATION ABOUT THE Z-AXIS BY - 

4 

From Eq. (14), the equation for the component orbitsphere-cvf 
squared for STEP TWO is given by 

\ \ 2 
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(49) 
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Multiplying out the squared terms gives 
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(51) 
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Combining terms gives 



( (\ cosflY 
— + 

2 2 



2 



V2 



sin 2 0 
+ + 



{ 



2 n sin 2 © sin 2 © . . 2 , 
cos © + — - — + — - — lsin z 0 



• SI) 



cos© cos 2 © 
+ 



) 



cos 2 0 



;c 2 + y 2 +2 2 = r„ 2 < 



M + cos© 



+2 



2 ^ sin© If cos© sin©^ . . , 

vr~ - — for + — J cos * sin * 



+2 



( 1 cos© 
— + 

2 2 
V2 



sin 0 


( cos0 


2 


I V2 



singj 



cos 0 sin 0 



+2 



f 1 cosfl^sinfl 



(52) 



Using the trigonometric, identity from Eq. (46) and multiplying out the 
trigonometric cross terms gives 



x 2 + y 2 +z 2 =r 2 < 




cos© cos 2 © sin 2 © 
+ + + + 



6- 



cos© COS 2 © I i 2 . 2 j 

+ I Icos 0 + sin <f> 



/ cos© cos 2 © sin ©cos© sin© sin ©cos© sin 2 ©. ^ 
4 + ~4 2V2 4V2 4^2 4~ 

cos© cos 2 © sin ©cos© sin© sin ©cos© sin 2 © 



4 4 2V2 

sin© sin ©cos© 
2V2 + 2^2 



4V2 4V2 



cos 0 sin 0 



(53) 



Combining terms gives 

U + 2 + 
2(0)cos#sin4 



sin 2 0 



cos 2 <p + sin 2 <f> 



(54) 



By using the trigonometric identity of Eq. (46) for © and <p 9 Eq. (54) 
becomes 

(55) 

which is the equation of a uniform sphere. 



x 2 + y 2 + z 2 = r 2 
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COMPONENT ORBITSPHERE-CVF SQUARED FOR STEP TWO BY THE 
ROTATION OF A GREAT CIRCLE ABOUT THE (-i„i,,i,)-AXIS BY In 

From Eq. (22), the equation for the component orbitsphere-cvf 
squared for STEP TWO is given by 

(2 sin 0(cos <p - sin <p) + -72 (2 cos 6 cos <j> + (- 1 + cos 0) sin <f>)) 

-(-2sin0(cos# + sin0) + V2~(cos0(2cos0-sin0) + sin0)) \ (56) 

44(V2 cos 0 sin 0 + (1 + cos 0) sin 0) 
Multiplying out the terms gives 

4 sin 2 0(cos 0 - sin 0) 2 + 2(2 cos 0 cos 0 + (- 1 + cos 0) sin 0) 2 
+4 V2 sin 0(cos 0 - sin 0)(2 cos 0 cos 0 + (- 1 + cos 0) sin 0) 
+4 sin 2 0(cos 0 + sin 0) 2 + 2(cos 0(2 cos 0 - sin 0) + sin 0) 2 
-4^2 sin 0(cos <p + sin 0)(cos 0(2 cos 0 - sin 0) + sin ^) 

+8 cos 2 0sin 2 0 + 4(1 + cos©) 2 sin 2 0 
+8-V2 cos 0 sin 0(1 + cos 0) sin 0 



jc 2 + y 2 + z 2 



16 



r 2 < 



(57) 



x 2 + y 2 + z 2 = 



16 



4 sin 2 0(cos 2 0-2 cos 0 sin 0 + sin 2 0) 

+2^4 cos 2 0cos 2 0 + 4cos0cos0(-l + cos 0) sin 0 + (-1 + cos0) 2 sin 2 0) 
+4^2 sin0(cos0 - sin0X2cos0cos0 + (-1 + cos0)sin0) 

x ( cos 2 0(2 cos 0 - sin 0) 2 
44sin 2 0(cos 0 + 2cos0sin0 + sin 0) + 2 

^+2 cos 0(2 cos 0- sin 0) sin 0 + sin 0^ 

-4-s/2 sin 0(cos 0 + sin 0)(cos 0(2 cos 0 - sin 0) + sin 0) 

+8cos 2 0sin 2 0 + 4(l + 2cos0 + cos 2 0)sin 2 0 

8V2 cos0sin0(l + cos0)sin 0 

(58) 
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4 sin 2 0cos 2 0 - 8 sin 2 0cos#sin0 + 4 sin 2 0sin 2 0 

+8cos 2 ©cos 2 0 - 8cos0cos0sin0 + 8cos 2 0cos0sin0 + 2sin 2 0 

-4cos0sin 2 0 + 2 cos 2 0sin 2 0 

+4>/2 sin 0(cos0 - sin 0)(2 cos0cos0 - sin 0 + cos0sin 0) 
+4sin 2 0cos 2 0 + 8sin 2 0cos0sin0 + 4sin 2 0sin 2 0 
+2cos 2 0(4cos 2 0 - 4cos0sin 0 + sin 2 0) 
+8 cos 0 cos 0 sin 0 - 4 cos 0 sin 2 0 + 2 sin 2 0 

-(cos 0 + sin 0)(8V2 sin 0 cos 0 cos 0 - 4^2 sin 0 cos 0 sin 0 + 4^2 sin 0 sin 0) 
+8cos 2 0sin 2 0 + 4sin 2 0 + 8sin 2 0cos0 + 4sin 2 0cos 2 9 
+8^2 sin 0 cos 0 sin 0 + 8^/2 sin 0 cos 0 cos 0 sin 0 



jc 2 + y 2 + z 2 = 

4 sin 2 0cos 2 0 - 8 sin 2 0cos0sin0 + 4 sin 2 0sin 2 0 
+8 cos 2 0 cos 2 0 - 8 cos 0 cos 0 sin 0 + 8 cos 2 0 cos 0 si n 0 + 2 sin 2 0 
-4cos0sin 2 0 + 2 cos 2 0sin 2 0 

+8^2 cos0sin 0cos 2 0 - 4-V2 sin 0 cos 0sin 0 + 4^/2 cos0sin 0cos0sin 0 
-8^/2 cos 0 sin 0 cos 0 sin 0 + 4a/2 sin 0sin 2 0 - 4^/2 cos 0 sin 0 sin 2 0 
+4 sin 2 0cos 2 0 + 8 sin 2 0cos0sin0 + 4 sin 2 0sin 2 0 
+8 cos 2 0 cos 2 0-8 cos 2 0 cos 0 sin 0 + 2 cos 2 0 sin 2 0 
+8 cos 0 cos 0 sin 0 - 4 cos 0 sin 2 0 + 2 sin 2 0 

-8-V2 cos 0 sin 0 cos 2 0 + 4^2 cos 0 sin 0 cos 0 si n 0 - 4^2 sin 0 cos 0 sin 0 
-8^2 cos 0 sin 0 cos 0 sin 0 + 4-72 cos 0 sin 0 sin 2 0 - 4^2 sin0sin 2 0 
+8 sin 2 0cos 2 0 + 4 sin 2 0 + 8 cos 0 sin 2 0 + 4 cos 2 0sin 2 0 
+ 8^2 sin 0 cos 0 sin 0 + 8^2 cos 0 sin 0 cos 0sin 0 



(59) 



16 " 



(60) 
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4sin 2 0cos 2 0 - 8sin 2 0cos0sin 0 + 4sin 2 0sin 2 0 
+8cos 2 0cos 2 <t>- 8cos0cos0sin0 + 8cos 2 0cos0sin0 + 2sin 2 0 
-4cos0sin 2 0+ 2cos 2 0sin 2 0 

+8V2 cos 0 sin 0 cos 2 0 -. 4>j2 sin 0 cos 0 sin 0 + 4^2 cos 0 si n 0 cos 0 sin 0 
-8V2 cos0sin0cos0sin0 + 4>/2 sin 0sin 2 <p - 4^2 cos 0 sin 0 sin 2 0 
1 , 44sin 2 0cos 2 0 + 8sin 2 0cos0sin0 + 4sin 2 0sin 2 0 
+8 cos 2 0 cos 2 0 - 8 cos 2 0 cos 0 sin 0 + 2 cos 2 0sin 2 0 
+8cos0cos0sin0-4cos0shr0 + 2sin 0 

-8>/2 cos0 sin 0 cos 2 0 + 4^2 cos 0 sin 0 cos 0 sin 0 - 4^2 sin 0 cos 0 sin 0 
-8^2 cos0sin 0cos0sin0 + 4-J2 cos0sin0sin 2 0 - 4-J2 sin0sin 2 0 
+8sin 2 0cos 2 0 + 4sin 2 0 + 8cos0sin 2 0 + 4cos 2 0sin 2 0 
+8-V2 sin 0 cos 0 sin 0 + 8^2 cos 0 sin 0 cos £si n 0 

» 

Combining terms gives 



16 



(61) 



16 



r 2 < 

n 



4 sin 2 0sin 2 0 + 4sin 2 0sin 2 0 
44 sin 2 0 cos 2 0 + 8 sin 2 0cos 2 0 + 4 sin 2 0cos 2 0 
+4cos 2 0sin 2 0 + 2cos 2 0sin 2 0 + 2cos 2 0sin 2 0 
+8 cos 2 0cos 2 0 + 8 cos 2 0 cos 2 0 
+2 sin 2 0 + 2 sin 2 0 + 4sin 2 0 
-8sin 2 0cos0sin 0 + 8sin 2 0cos0sin0 
+8 cos 2 0 cos 0 sin 0 - 8 cos 2 0 cos 0 sin 0 
-4 cos 0 sin 2 0 - 4 cos 0 sin 2 0 + 8 cos 0 sin 2 0 
-8cos 0 cos 0 sin 0 + 8 cos 0 cos 0sin 0 
-8^2 cos 0 si n 0 cos 2 0 + 8^2 cos 0 sin 0 cos 2 0 

-4^2 cos 0 sin 0 sin 2 0 + 4^2 cos 0 sin 0 sin 2 0 
-4V2sin0cos0sin0-4V2sin0cos0sin0 + 8V2sin0cos0sin0 

-8 V2 cos 0 sin 0 cos 0 sin 0 + 8^2 cos 0 sin 0 cos 0 sin 0 

44V2cos0sin0cos0sin0 + 4V2cos0sin0cos0sin0-8V2cos0sin0cos0sin0 
+4^2 sin 0 sin 2 0 - 4 sin 0sin 2 0 

1 (62) 
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x 2 + y 2 + Z 2 = — r n < 



8sin 2 0sin 2 0 
+16sin 2 0cos 2 0 
+8cos 2 0sin 2 0 
+16cos 2 0cos 2 0 
+8sin 2 0 

By using the trigonometric identity of Eq, 

8sin 2 0(sin 2 0 + cos 2 0) 
+16cos 2 #(sin 2 0 + cos 2 9) 

+8sin 2 ^ 



(63) 



(46) for 0 and <f>, Eq. (63) 



becomes 



1 



x 2 + x 2 + z 2 =— r 2 < 
y 16 n1 



(64) 



x 2 + y 2 + z 2 = -W{l6(sin 2 0 + cos 2 0)} 

16 



which is the equation of a uniform sphere. 



(65) 
(66) 



ORBITSPHERE-CVF SQUARED 

Eqs. (48). (55), and (66) are each the equation of a uniform sphere. 
The superposition of the uniform distributions from STEP ONE and STEP 
TWO is the uniform current density function y o °(0,0) that is an 
equipotential, minimum energy surface shown in Figure 13. The angular 
momentum is identically that of the from the superposition of the 

primary component orbitsphere-cvfs of the orbitsphere-cvf, L^=~ and 

L =- The spatially uniform electron current having the orthogonal 

angular momentum components given by Eqs. (1.73a-1.73b) can then be 
considered conceptually from two viewpoints regarding the basis element 
of the orbitsphere-cvf which is a two-dimensional vector field comprised 
of an infinite number of one-dimensional great circles having zero- 
dimensional crossings. The electron current, F o °(^0), is a continuous 
uniform superposition of secondary orbitsphere-cvfs onto and over the 
two-dimensional surface wherein each secondary orbitsphere-cvf of 
equivalent angular momentum, orientation, and phase replaces a 
corresponding great-circle current loops of the primary orbitsphere-cvf. 
Or, equivalently, the primary orbitsphere-cvf is the compression of a 
secondary two-dimensional orbitsphere-cvf into each of the infinite 
number of one-dimensional great circles such that L R , the orientation, 
and the phase of the former element matches that of the latter over a 
two-dimensional spherical shell to form a primary two-dimensional 



i 
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vector field. 

Figure 13. The orbitsphere-cvf is a two dimensional spherical shell of 
zero thickness with the Bohr radius of the hydrogen atom, r = a„, having 




MATRICES TO DEMONSTRATE THE CONVOLUTION TO GENERATE 
THE UNIFORM CURRENT (CHARGE)-DENSITY FUNCTION y o °(0,0) 

Either one of the orthogonal basis-element great circles generates 
the component orbitsphere-cvf for STEP ONE and STEP TWO as given in 
the STEP ONE by the Rotation of a Great Circle about the (i x ,i y ,0i s )-Axis by 

2/r section and the STEP TWO by Rotation of a Great Circle About the 
(-i\,i y ,i a )-Axis by 2k section, respectively. Thus, either of the STEP ONE 

and the STEP TWO components can serve as the primary component 
orbitsphere-cvf for the convolution operation given by Eq. (38). 
Similarly, either one of the orthogonal basis-element great circles 
generates the component orbitsphere-cvf having a stationary angular 
momentum vector associated with STEP ONE and STEP TWO as given in 
the Orbitsphere-cvf Orthogonal to that of STEP ONE by the Rotation of a 

Great Circle about the (i x ,-i y ,0i E )-Axis by 2k section and the STEP TWO by 

Rotation of a Great Circle About the (-i lc ,i y ,i I )-Axis by 2k section, 

respectively. Thus, either of the STEP-ONE and the STEP-TWO-associated 
components can serve as the secondary component orbitsphere-cvf for 
the convolution operation given by Eq. (38). 

STEP-ONE Matrices to Visualize the Currents of Y 0 °(<f>,0) 

Consider the case that the STEP-ONE primary component 
orbitsphere-cvf is given by Eqs. (4) and (5) and the STEP-ONE-associated 
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secondary component orbitsphere-cvf is given by Eqs. (30-33). The 
basis-element great circle of the primary component orbitsphere-cvf is in 
the yz-plane as shown in Figure 2, and the current is counter clockwise. 
Thus, the angular momentum is along the x-axis. The angular- 
momentum-and-orientation-matched secondary component orbitsphere- 
cvf is shown in Figure 10 and is generated by Eq. (30). In this case, the 
secondary component orbitsphere-cvf is aligned on the yz-plane and the 
resultant angular momentum vector, L R , of the secondary component 
orbitsphere-cvf is also along the x-axis. 

Then, the uniform current distribution is given from Eq. (38) as a 
infinite sum of the convolved elements comprising the secondary 
component orbitsphere-cvf given by Eq. (30) rotated according to Eq. (4), 
the matrix which generated the primary component orbitsphere-cvf. The 
resulting constant function is exact as given by Eq. (48). A representation 
that shows the current elements can be generated by showing the basis- 
element secondary component orbitsphere-cvf as a sum of great circles 
using Eq. (30) and by showing the continuous convolution as a sum of 
discrete incremental rotations of the position of the secondary component 
orbitsphere-cvf using Eq. (4). In the case that the discrete representation 
of the secondary component orbitsphere-cvf comprises N great circles 
and the number of convolved secondary component orbitsphere-cvf 
elements is M, the representation of the uniform current density function 
showing current loops shown in Figures 14 and 15 is given by 

. ( vtQ.k\ 
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Figure 14. A representation of the uniform current pattern of the y o °(0,0) 
orbitsphere shown with 30 degree increments (N = M = 12 in Eq. (67)) of 
the angle to generate the orbitsphere current-vector field corresponding 
to Eq. (30) and 30 degree increments of the rotation of this basis element 
about the (i„i y ,0i z )-axis corresponding to Eq. (4). The perspective is along 
the z-axis. The great circle current loop that served as a basis element 
that was initially in the plane along the (i^-iy.Oi,)- and z-axes of each 

secondary component orbitsphere-cvf is shown as red. Note that it is 
stationary over the convolution due to phase matching. 
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Figure 15. A representation of the uniform current pattern of the Y°(<l>,d) 
orbitsphere shown with 30 degree increments (N = M = 12 in Eq. (67)) of 
the angle to generate the orbitsphere current-vector field corresponding 
to Eq. (30) and 30 degree increments of the rotation of this basis element 
about the (i„i y ,0i,)-axis corresponding to Eq. (4). The great circle current 
loop that served as a basis element that was initially in the plane along 
the (i,,-i y ,0i t )- and z-axes of each secondary component orbitsphere-cvf is 
shown as red. The perspective is transverse to the z-axis. 
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STEP-Two Matrices to Visualize the Currents of y o °(0,0) 

Discrete Convolution with a Secondary Component Orbitsphere- 
cvf in a Plane Along the (i x ,i y ,0i x )- and z-Axes (xyz-Plane) 

The resultant angular momentum vector, L R , of the secondary 
component orbitsphere-cvf given by Eq. (32) is along (i^-iy.Oi,), 

corresponding to a basis-element great circle in the yz-plane having a 
counterclockwise current. The angular momentum direction is reversed 
by reversing the direction of the current to clockwise. Consider the case 
that the STEP-TWO primary component orbitsphere-cvf is given by Eqs. 
(20-23). Further, consider the case that the STEP-TWO-associated 
secondary component orbitsphere-cvf is given by Eq. (32). The basis- 
element great circle of the primary component orbitsphere-cvf shown in 
Figure 7 is in the xyz-plane, and the current is clockwise. Thus, the 

angular momentum is along the (-i E ,i yf 0i a )-axis. The angular-momentum- 

and-orientation-matched secondary component orbitsphere-cvf is shown 
in Figure 11 and is generated by Eq. (32). In this case, the secondary 
component orbitsphere-cvf is aligned on the xyz-plane and the resultant 
angular momentum vector, L R , of the secondary component orbitsphere- 
cvf is also along the (-i^iy.Oi^-axis. 

Then, the uniform current distribution is given from Eq. (38) as a 
infinite sum of the convolved elements comprising the secondary 
component orbitsphere-cvf given by Eq. (32) rotated according to Eq. 
(20), the matrix which generated the primary component orbitsphere- 
cvf. The resulting constant function is exact as given by Eq. (66). A 
representation that shows the current elements can be generated by 
showing the basis-element secondary component orbitsphere-cvf as a 
sum of great circles using Eq. (32) and by showing the continuous 
convolution as a sum of discrete incremental rotations of the position of 
the secondary component orbitsphere-cvf using Eq. (20). In the case that 
the discrete representation of the secondary component orbitsphere-cvf 
comprises N great circles and the number of convolved secondary 
component orbitsphere-cvf elements is M y the representation of the 
uniform current density function showing current loops shown in Figures 
16-18 is given by 
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Figure 16. A representation of the uniform current pattern of the Y o °(<p,0) 
orbitsphere shown with 30 degree increments (N = M = 12 in Eq. (68)) of 
the angle to generate the orbitsphere current-vector field corresponding 
to Eq. (32) and 30 degree increments of the rotation of this basis element 
about the (-i,,i y ,i s )-axis corresponding to Eq. (20). The great circle 

current loop that served as a basis element that was initially in the yz- 
plane of each secondary component orbitsphere-cvf is shown as red. 
Note that it is not stationary over the convolution due to phase matching. 

It is out of phase with the secondary component orbitsphere by a 

4 

rotation about the z-axis. The perspective is along the z-axis. 
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Figure 17. A representation of the uniform current pattern of the %°(&0) 
orbitsphere shown with 30 degree increments (N = M = 12 in Eq. (68)) of 
the angle to generate the orbitsphere current-vector field corresponding 
to Eq. (32) and 30 degree increments of the rotation of this basis element 
about the (-i„i y ,i,)-axis corresponding to Eq. (20). The great circle 
current loop that served as a basis element that was initially in the yz- 
plane of each secondary component orbitsphere-cvf is shown as red. The 
perspective is transverse to the. z-axis. 
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Figure 18. A representation of the uniform current pattern of the Y o °(<l>,0) 
orbitsphere shown with 30 degree increments (7V = M = 12 in Eq. (68)) of 
the angle to generate the orbitsphere current- vector field corresponding 
to Eq. (32) and 30 degree increments of the rotation of this basis element 
about the (-i x >i y ,i x )-axis corresponding to Eq. (20). The great circle 

current loop that served as a basis element that was initially in the yz- 
plane of each secondary component orbitsphere-cvf is not shown. The 
perspective is along the z-axis. 
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Discrete Convolution with a Secondary Component Orbitsphere- 
cvf in the xy-Plane 

Consider the case that the STEP-TWO primary component 
orbitsphere-cvf is given by Eqs. (20-23). Further, consider the case that 
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the STEP-TWO associated secondary component orbitsphere-cvf is given 
by Eq. (7). The basis-element great circle of the primary component 
orbitsphere-cvf is in the xy-plane as shown in Figure 6, and the current 
is counter clockwise. Thus, the angular momentum is along the z-axis. 
The angular-momentum-and-orientation-matched secondary component 
orbitsphere-cvf is shown in Figure 4 and is generated by Eq. (7). In this 
case, the secondary component orbitsphere-cvf is aligned on the xy-plane 
and the resultant angular momentum vector, L R , of the secondary 
component orbitsphere-cvf is also along the z-axis. 

Then, the uniform current distribution is given from Eq. (38) as a 
infinite sum of the convolved elements comprising the secondary 
component orbitsphere-cvf given by Eq. (7) rotated according to Eq. (20), 
the matrix which generated the primary component orbitsphere-cvf 
using Eq. (23) with Eq. (20). The resulting constant function is exact as 
given by Eq. (66). A representation that shows the current elements can 
be generated by showing the basis-element secondary component 
orbitsphere-cvf as a sum of great circles using Eq. (7) and by showing the 
continuous convolution as a sum of discrete incremental rotations of the 
position of the secondary component orbitsphere-cvf using Eq. (20). In 
the case that the discrete representation of the secondary component 
orbitsphere-cvf comprises N great circles and the number of convolved 
secondary component orbitsphere-cvf elements is M, the representation 
of the uniform current density function showing current loops shown in 
Figures 19-21 is given by 
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Figure 19. A representation of the uniform current pattern of the Y 0 0 (<f>,6) 
orbitsphere shown with 30 degree increments (W = A/ = 12 in Eq. (69)) of 
the angle to generate the orbitsphere current-vector field corresponding 
to Eq. (7) and 30 degree increments of the rotation of this basis element 
about the (-i„i y> i z )-axis corresponding to Eq. (20). The great circle 
current loop that served as a basis element that was initially in the plane 
along the (vOiy,-^)- and y-axes of each secondary component 
orbitsphere-cvf is shown as red. Note that it is not stationary over the 
convolution due to phase matching. It is out of phase with the secondary 

component orbitsphere by about the y-axis. The perspective is along 

the z-axis. 
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Figure 20. A representation of the uniform current pattern of the Y 0 °(<f>,0) 
orbitsphere shown with 30 degree increments (Af = M = 12 in Eq. (69)) of 
the angle to generate the orbitsphere current-vector field corresponding 
to Eq. (7) and 30 degree increments of the rotation of this basis element 
about the (-i\,i y ,i,)-axis corresponding to Eq, (20). The great circle 
current loop that served as a basis element that was initially in the plane 
along the (i x ,0i y ,-i,)- and y-axes of each secondary component 

orbitsphere-cvf is shown as red. The perspective is transverse to the z- 
axis. 
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Fioure 21 A representation of the uniform current pattern of the Y°«l>,9) 
orbitsohere shown with 30 degree increments (tf = M = 12 in Eq. (69)) of 
Ae angle to generate the orbitsphere current-vector field corresponding 
to Eq (7) and 30 degree increments of the rotation of this basis element 
about the K.i r ,i,)- axis corresponding to Eq. (20). The great circle 
current loop that served as a basis element that, was initially in the plane 
along the (i,,0i y ,-i x )- and y-axes of each secondary component 
orbitsphere-cvf is not shown. The perspective is along the z-axis. 
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SIMPLE APPROXIMATION METHOD FOR ^ ALIZING TOE 
CURRENT PATTERN OF Y 0 \m BY A DISCRETE CONVOLU11UW 

ABOUT LR ddition angulaf momentum is constant with respect to 
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rotation of the orbitsphere-cvf about the axis of the resultant angular 
momentum vector, L R . In this case, the corresponding component 
angular momentum is rotationally constant about the xy-axis; thus, 

the corresponding and L y components are rotationally constant about 

the x-and y-axes, respectively. The component h z is further rotationally 
constant about the z-axis. The constancy of the angular momentum with 
respect to rotation about each of the principal axes determines that the 
corresponding rotational symmetry of each axes is C„ even though the 
spatial symmetry of the current distribution is less. Thus, a simple 
approximation of the convolution operation that preserves the angular 
momentum can be performed using the results of the Orbitsphere 
Equation of Motion for f= 0 section by the superposition of orbitsphere- 
cvf at incremental angles about its resultant angular momentum axis 
shown in Figure 8 as given previously [73]. 

From Eqs. (1.73a) and (1.73b), the resultant angular momentum 

vector L R has magnitude — — along the direction of the spherical- 

3k 

coordinate angles 8 = 0.4636 rad, 0 = — rad. To perform the rotation about 

4 

L R , the orbitsphere-cvf is first rotated counter clockwise about the vector 
(i x ,i y ,0i x ) by an angle -0.4636 rad using Eq. (4) or using Eq. (1.70a) wherein 

Aa x . and Aa y . are each — V2(0.4636) rad to align L R with the z-axis as shown 

in Figure 8. Next, a series of n rotations are performed about the z-axis 

2k 

using Eq. (8) for a general angle, Aa z . — (q = 0,l,2,3,4...n), or Eq. (1.70b) 



n 



2k 

wherein Aa,. — (q- 0,1,2,3, 4.. .n) and Aa jc .=0 to form /i+l orbitsphere- 

n 

cvf elements. The superposition of the elements is normalized by n + 1 
and the final approximately uniform orbitsphere is rotated clockwise 

about the vector (i x ,i y ,0i x ) by an angle 0.4636 rad using Eq. (4) or using Eq. 

(1.70a) wherein Aa x . and Aa y . are each +V2 (0.4636) rad . 

A visual representation using an orbitsphere current-vector field 
generated with 12 degree increments of the infinitesimal angular 
variable ±Aa e and ±Aa f of Eqs. (1.70a) and (1.70b) as a basis element and 

using 24 degree increments of the rotation about L R from the perspective 
of along the axis of L R and perpendicular to L R are shown in Figures 22 
and 23, respectively. 
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Figure 22. A quadrant of a simple approximation of the uniform current 
pattern of the y o °(0,0) orbitsphere shown with 12 degree increments of 
the infinitesimal angular variables ±Ace ( , and ±Aa r in Eqs. (1.70a) and 

(1.70b) to generate the orbitsphere current-vector field and 24 degree 
increments of the rotation of this basis element about L R . The 




Figure 23. One quadrant of a simple approximation of the uniform 
current pattern of the Y 0 °(<f>,9) orbitsphere shown with 12 degree 
increments of the infinitesimal angular variables ±Aa r and ±&a r in Eqs. 

(1.70a) and (1.70b) to generate the orbitsphere current- vector field and 
24 degree increments of the rotation of this basis element about L R . The 
perspective is perpendicular to L R . 
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APPENDIX IV 

MUON g FACTOR 

The muon, like the electron, is a lepton with ft of angular 
momentum. The magnetic moment of the muon is given by Eq. (1.136) 
with the electron mass replaced by the muon mass. It is twice that from 
the gyromagnetic ratio as given by Eq. (2.36) of the Orbital and Spin 
Splitting section corresponding to the muon mass. As is the case with the 
electron, the magnetic moment of the muon is the sum of the component 

corresponding to the kinetic angular momentum, and the component 

ft 

corresponding to the vector potential angular momentum, — , (Eq. (1.132). 

The spin-flip transition can be considered as involving a magnetic 
moment of g times that of a Bohr magneton of the muon. The g factor 

(Eq. (1.196) is 

2 2n 3 \2n) 3\2k) 
For CT 1 =137.03603(82) (Eq. 1.203)), 

£ = 1.001 159 652 137 (2) 
2 

The muon anomalous magnetic moment has been measured in a 
new experiment at Brookhaven National Laboratory (BNL) [32]. Polarized 
muons were stored in a superferric ring, and the angular frequency 
difference (O a between the spin precession and orbital frequencies was 
determined by measuring the time distribution of high-energy decay 
positrons. The ratio R of co a to the Larmor precession frequency of free 
protons & p in the storage-ring magnetic field was measured. R is given 
by 



R = ^ 



(3) 



The anomalous g value % of the ^ was determined where the 
anomalous g value is related to the gyromagnetic ratio by 

=k^) (4) 



a,, = 
* 2 

and 

R 

a "~ X-R 



(5) 



where A is the ratio of the muon and proton magnetic moments: 
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A=^ (6) 

According to Carey et al. [32], "For polarized muons moving in a uniform 
magnetic field B, which is perpendicular to the muon spin direction and 
to the plane of the orbit, and with an electric quadrupole field E for 
vertical focusing, the angular frequency difference, o> a , between the spin 
precession frequency a>, and the cyclotron frequency a> e is given by 

eI (7) 



The dependence of <o a on the electric field is eliminated by storing muons 
with the "magic" 7=29.3, which corresponds to a muon momentum 
p = 3.09 G<?V7c . Hence measurement of a>„ and of B determines a p ." 

Based on Lorentz covariance Jackson [33] gives the BMT equation 
which is the relativistic equation of motion for spin in uniform or slowly 
varying external fields. The rate of change of the component of spin s 
parallel to the velocity may be determined from the BMT equation. This 
is the longitudinal polarization or net helicity of the particle. If P is a 
unit vector in the direction of P, the longitudinal polarization is 0 s. It 
changes in time because s changes and also p changes. The BMT equation 
in cgs units gives 

5H--^{(i->"-*(¥-i>] ,8> 

where s x is the component of s perpendicular to the velocity. Eq. (8) 
demonstrates a remarkable property of a particle with g = 2. In a purely 
magnetic field, the spin precesses in such a manner that the longitudinal 
polarization remains constant, whatever the motion of the particle. If the 
particle is relativistic (/3->l), even the presence of an electric field causes 
the longitudinal polarization to change only very slowly, at a rate 
proportional to y~ 2 times the electric field component perpendicular to v. 

The "magic" y given by Eq. (8) wherein the contribution to the 
change of the longitudinal polarization by the electric quadrupole 
focusing fields are eliminated occurs when 

M-! = 0 (9) 
2 .P 

where g„ is the muon g factor which is required to be different from the 
electron g factor in the standard model due to the dependence of the 
mass dependent interaction of each lepton with vacuum polarizations due 
to virtual particles. For example, the muon is much heavier than the 
electron, and so high energy (short distance) effects due to strong and 
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weak interactions are more important here [29]. Also, according to the 
BNL collaboration [32]: 

"The hadronic contribution and uncertainty are dominated by the 
single vacuum polarization loop with hadrons present, which is 
determined from a dispersion relationship using data from 
annihilation to hadrons and. from hadronic decay. A contribution from 
higher order hadronic vacuum polarization and light-by-light 
scattering must be included" 

The BNL Muon (g-2) Collaboration [32] used a "magic" y=29.3 which 

satisfied Eq. (9) identically for however, their assumption that this 

condition eliminated the affect of the electrostatic field on a> 0 is flawed as 
shown below. The relativistic factor y is given by 

r "H^F ■ . C10) 

where 

p= v - on 

c 

Substitution of Eq. (9) into Eq. (10) gives 

1 

7= 




(12) 



and 




(13) 

From the BNL99 results and the average of the CERN and BNL97 results 

g 

[32] an estimated value of is 

mm 

^. = 1.00116593 ( 14 > 
2 

Substitution of Eq. (14) into Eq. (12) gives the "magic" 7 as 

y=29.3033176 
and from Eq. (13), 

(16) 

0„ =0.999417544 

As shown in the Electron g Factor section, in the case of an exact balance 
between the Lorentzian force (Eq. (1.151)) and the electric force 
corresponding to the Hall voltage (Eq. (1.152)), the superconducting 
condition is met when 
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E 

— = v 
B 

which in cgs units is 

B-2.-BH, 
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(17) 



(18) 



Consider the case that the g factor for the muon and the electron are the 
same and the "magic" y=29.3 selected by the BNL Muon (g-2) 

Collaboration which satisfied Eq. (9) identically for & (Eq. (1.197)) does 

not satisfy Eq. (9) for given by the experimental value (Eq. (27)). In 

2 

this case, the second term of Eq. (8) contributes to (o Q . With g = g e and 
£ = the BMT equation is 



(19) 



Since B is parallel to s ± xp and since E and s ± are anti-parallel, the 
electric field from Eq. (18) is 

E = H3„pxB (20) 

Figure 1. Coordinate system of crossed electric field, E^, corresponding to 
the Hall voltage, magnetic flux, B z , due to the applied field, the velocity, 

v y , in the |J direction, and s ± where |E| = /iff. 




Then 



[ffl-^^fPxB) 



mc 
e 



(21) 



(22) 



(23) 
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In the case that g = the term in E of Eq. (8 ) 

vanishes and a change in longitudinal polarization due to the finite 
electric term can be considered as an additional term to the electron g 

o 

factor which gives rise to an effective g factor corresponding to 

2 

Q 

Comparison of Eq. (23) and Eq. (24) gives the effective value of — which 

2 

g 

is the predicted experimental value for 

^-l = |(l-#) (25) 
^ = l + |-(l-#) (26) 

Eq. (19) which gives the predicted experimental value for (Eq. (26)) 

Q 

corresponds to the experimental situation of the BNL measurement of =]L. 

The experimental value of [27] is 

& = 1.001 159 652 188(4) (27) 
2 

Substitution of Ms- and fi given by Eq. (27) and Eq. (16), respectively, into 

2 

Eq. (26) gives the calculated effective muon g factor which is 

» 

4l = 1.001 165 923 (28) 
2 v ' 

The calculated result based on the equivalence of the muon and electron 
g factors is in agreement with the result of Carey et al. [32]: 

^- = 1.001 165 925 (15) (29) 
2 

Rather than indicating an expanded plethora of postulated super- 
symmetry virtual particles which make contributions such as smuon- 
neutralino and sneutrino-chargino loops as suggested by Brown et al. 

[34], the deviation of the experimental value of — from that of the 

2 
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standard model prediction simply indicates that the muon g factor is 
identical to the electron g factor. This could have been spotted 
immediately had the objectivity of the experimental design been given 
precedence over the assumption of the validity of the standard model. 
Given the ad hoc nonphysical nature of QED (See Appendix II: Quantum 
Electrodynamics is Purely Mathematical and Has No Basis in Reality) and 
the internal inconsistency of the theoretical basis of this experiment 
regarding using the classical BMT equation in a test of nonclassical QED, 
more scrutiny was especially warranted. 

From Eqs. (26), (27), and (16), the difference between ^ and 

2 2 

due to the finite electric term of Eqs. (8) and (19) with g = g e is 

y-^ = l-^^ 2 = 0.0000062705 (30) 

With the equivalence of the muon g factor and the electron g factor, the 
possibilities are limited for the occurrence of internal consistency during 



the determination of ^ using the BMT equation with the flawed 

assumption that 4^*^-- Consider the case of Eq. (9) with g = ge = g and 

P = P U with the corresponding "magic" y given by Eqs. (10-13). An 
equation equivalent to Eq. (30) that gives rise to an internally consistent 
experimental observation of an effective muon g factor corresponding to 
P = P U is 




1 Vgur 2_ _ 0 0000062705 ^ 31) 



8/ir 

is. 

1 - -2- = 0.0000062705 (32) 



FY 



2 

where g ur is the muon anomalous g factor selected before the experiment 
to fix the "magic" y, 0.0000062705 given by Eq. (32) (also see Eq. (30)) is the 



difference between the projected experimental value of ^ and the 

experimentally measured value of The experimental value of from 

2 2 

Eq. (27) and the selected value of from Eq. (14) satisfy Eqs. (31-32) 

2 
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and are in close agreement with the experimental value of determined 

2 

by Carey et al. [32] (Eqs. (28-29)). The "magic" y of BNL which gave an 
internally consistent but misinterpreted result was most likely arrived at 
by trial and error. Consider the following relationship between 8 and 
{g -2) 

i22 — i of the "magic" y that follows from Eq. (32): 
2 

Mi. 

1 -T~ = S (33) 

2 

where 

(J^> + S J*^ (34) 
2 2 v ' 

and g e is the experimentally measured electron anomalous g factor and 
g p is the projected experimental value of" the muon anomalous g factor 
based on the selected value the muon anomalous g factor to fix the 

( g -2) 

"magic" 7. A plot of S versus — L from Eq. (33) is shown in Figure 2. 

2 
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Figure 2. Plot of 5 versus ^-^ — L of the "magic" y from Eq. (33). 




measured by Carey et aL [32] are internally consistent. 

Similar misinterpretations of data based on a bias towards quantum 
theory are described in the Schrodinger "Black" Cats section. For 
example, NIST claimed to have placed a 9 Be* ion in two places at once 
when in reality an applied magnetic field and a potential well were found 
which forced a resonance between an oscillatory and a Stern-Gerlach 
transition. And, the resulting interference pattern in the fluorescence 
emission was misinterpreted as indicating that the ion was in two widely 
separated positions simultaneously [74]. The BNL experiment should be 
repeated to determine the dependence of co a on the "magic" y. The 
current BNL results and classical theory support the equivalence of the 
electron and muon g factors. 



Experimental determination of the proper ft T751 

The angular frequency difference between the spin procession 
frequency and the cyclotron frequency, [27], is 

Introducing the velocity ratio, ft, and g, 



« 
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2 - 1= rr^' a " = f- 1 . (36) 



yields 

CO 



a 



"=[(f- i >-(f-?)H <37) 



The unique value of P for which the term in E vanishes is f$ * : 

1__L 
2 p 

For0 = p* 



(38) 



Taking the magnitude results in 



<">^(/H s <40) 



The experimental measurement of the - frequency difference for 
various P allows the graphical determination of P*, (See Figure 3), 
with no assumption regarding g. 
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Figure 3. Plot of the experimental measurement of the frequency 
difference for various B which allows the graphical determination of 



2.25 
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TWO-ELECTRON ATOMS 



As „ ease f or one-e^on ^5SS 

Each electron experiences a cenl " Iug oroduced by the electric force 
^J-SJS anTthe magnetic force between 

rt- etcu™ing the electrons to pair. 



DETERMINATION OF «fg~ A SrU«. bound electrons are 
As shown in the One-Electron function which is the 

described by a charge-density (mass f nsiy ' angU i ar functions 

proauct of. a" radial delta function </^J£o»l c function . Thus, an 
(spherical harmonic functions) ^ rical surface, called an 

electron is a spinning ° n * bQ P und state at only specified 

electron orbitsphere, that can ex * ™ |cW the orbitsphere comprises a 
distances from the nucleus More eh The corresponding 

two-dimensional spherical shell ° f m ° con f ises an infinite series of 
current pattern of the orblts P^ er ^ u „ ent P loops . The current pattern 
cor elated orthogonal great ewtec«« «t lo p ^ ofth ! 

(shown in Figure 1.5) is gene ated oyer * orthogonal great circle 

sets of an infinite series of ^J 0 ^"^ wit h the two orthogonal 
current loops where the coord nate axes 1 °™ infinite series is about the 
circles. Each infinitesimal ro atio» of he in ^ ng such 

few x-axis and new y-axis which result ^ ^ Qf 

rotation. For each of the two sets of ™«« r ° y totals ^2* radians. 
^ rotations about each ro ^ng -axis j-dj^ corresponding to the 
The current pattern gives rise to tn v here is a spherical sheU 

spin quantum number Each J-^J~ tnickn P eS s at a distance r from 
of negative charge (total charge --e) ^ - ^ field of . sphenca , 

the nucleus (charge » » we » of a poi nt charge at the 

shell of charge is zero inside the shell a ^ ^ a nucleus of 

orisin outside the shell [1] (See figure / orbitsphere is 

Sge Z. the force Wj^^ charge densities. The 
obtained by equating ^ forces on 

centrifugal force of each electron is give y ^ 



4^ r n velocity v . In order to be 



Eq. (1-47). 
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(7.2) 



v. = 



" m.r„ 

, • v.ii. at r-r =^-(the radius of the one- 
Mow consider electron 1 initially at r-r t - im 

• „ th* One-Electron Atom section where 
electron atom of charge Z given in the One Electro 

4*gog and the S pin-nuclear interaction corresponding to the electron 

lced m mass is not used here ^^JfT^T^^ can 
nucleus upon pairing) and electron 2 initially at r 

be treated as -e charge at the nucleus with E = ^ 

th„ rarliiis of the electron orbitsphere. The 
• **, Z«XJ ^ between .he e.ectron and «he 

Ltric force between e.ectron 2 and the nudeus ts 
(Z - l)e' V- 3 * 

Z -L „f free-soace The second centripetal force, 
where e. is the permittivity _ of free _ spa cc t . g ^ 

F ^ on the electron 2 ^*^^ Bt (mass or charge-density 

ZS£fS> orb^ ST^ -V- circle, and eac* > pomt has 

the charge density ^- Due to the relative motion of the charge-densUy 

elements of each eleclron, a ra*auon ^ ^ ^STZZ 

two electrons This Jj*^^^^ the mechanical momentum and 
[21 achieves the condition that the sum ^or in rf force is 

electromagnetic momentum » corrected. The 

derived from .** l^^^J^ of each infinitesimal point of 
magnetic field of electron 2 at t ie [3] . 

electron 1 follows from Eq. U ^ 

2m<r * » «f fr^ snace (4;rXiO- 7 NM 2 )- The motion 

where M. is the permeability of of the magnetic field of 

at each point of electro, > 1 J the presence^ ^ ^ ^ 

f Ctt The LSrforce 3 density at each point moving at velocity v given 
by Eq. (1.47) is (7.5) 



F =— ^vxB 

mog 47Ti* 2 



Substitution of Eq. (1.47) for « and Eq. (7.4) for B gives 
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(7.6) 



Furthermore, the term in brackets can be expressed in terms of the fine 
structure constant a. The radius of the electron orbitsphere in the v = c 
frame is X c , where v = c corresponds to the magnetic field front 

propagation velocity which is the same in all inertial frames, independent 
of the electron velocity as shown by the velocity addition formula of 
special relativity [4]. From Eq. (1.57) and Eqs. (1.144-1.148) 



e Mo _ 



2m e r l 



v 

= 2/rct- 



(7.7) 



where v = c. Based on the relativistic invariance of the electron's 
magnetic moment of a Bohr magneton n B given by Eq. (1.99) as well as its 
invariant angular momentum of ft, it can be shown that the relativistic 

correction to Eq. (7.6) is — times the reciprocal of Eq. (7.7). As shown 

previously in the Atoms and Molecules — Determination of Orbitsphere 
Radii section, the radius term in the brackets of Eq. (7.6) is relativistically 
corrected due to invariance of charge under Gauss' Integral Law. The 
radius of the electron relative to the v = c frame, r*, is relativistically 

corrected as follows. The wave equation relationship is 

CO 



v = A 



In 



(7.8) 



It can be demonstrated that the velocity of the electron orbitsphere 
satisfies the relationship for the velocity of a wave by substitution of Eqs. 
(1.43) and (1.55) into Eq. (7.8), which gives Eq. (1.47). The result of the 
substitution into Eq. (7.8) of c for v a , of X n given by Eq. (2.2) 



2K{kr x ) = 2Kr n = nX l = X 

with r, given by Eq. (1.226) 

a 



r \ = 



(7.9) 



(7.10) 



for X y and of co n given by Eq. (1.55) 

h 



co = 

n 



m e r n 



(7.11) 



for co is 



c = 2n 



m. 



(7.12) 



2k 



. Zmca n 

= e 2 — 



(7.13) 



where y* is the relativistic factor corresponding to the radius. It follows 
from Eq. (7.13) that the radius r, of Eq. (7.6) must be corrected by the 
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factor (azr 1 . 



Due to relativistic invariance of — corresponding to the invariance 



of fi B , the correction of the electron mass of the bracketed term of Eq. 
(7.6) is 2k as given in the Atoms and Molecules — Determination of 
Orbitsphere Radii section. By correcting the radius and the mass, the 
relativistic correction / due to the light speed electrodynamic central 

force is 

Y={2naZ^ (7.14) 
1 

where v = c. Thus, — is substituted for the term in brackets in Eq. (7.6). 

The force must be corrected for the vector projection of the velocity 
of electron 2 onto the z-axis. As given in the Spin Angular Momentum of 
the Orbitsphere with f = 0 section, the application of a z directed magnetic 
field of electron 2 given by Eqs. (1.120) to the inner orbitsphere gives 
rise to a projection of the angular momentum of electron 1 onto an axis 

which precesses about the z-axis of The projection of the force 

between electron 2 and electron 1 is equivalent to that of the angular 
momentum onto the axis which precesses about the z-axis, and is 

^js{s+\) = times that of a point mass. Thus, Eq. (7.6) becomes 

The outward centrifugal force on electron 2 is balanced by the electric 
force and the magnetic force (on electron 2), 

m, vf e (Z-l)e 1 ft 2 



V, 2 + . 2 J 3 V^T) (7.16) 



4;rr 2 r 2 4^ ^ ne o r \ *mr\ 7m e r\ 



From Eq. (1.47) 



v 2 2 = ^nf (7.17) 



n 



2 



Then, 



2 2 

m e r 2 



- £ - L = r = — A V + — tV^ +1 ) (7.18) 



r 2 m € r\ *KE 0 r{ Z m e r 2 



Solving for r 2 , 



That is, the final radius of electron 2, r 2 , is given by Eq. (7.19); this is also 
the final radius of electron 1. The energies and radii of several two- 



© 2003 by BlackLight Power, Inc. All rights reserved. 

365 

electron atoms are given in Table 7.1. 

(Since the density factor always cancels, it will not be used in 
subsequent force balance equations). 

ENERGY CALCULATIONS 

The electric work to bring electron 2 to r 2 =r, is given by the 
integral of the electric force from infinity to r p 

(Z - l\c 2 

work(electric y electron2) = - } — (7.20) 

And, the electric energy is the negative of the electric work, 

Eielectric) = d£zDl (7.21) 

The potential energy of each electron at r=r,, is given as 

v = -(Z-l)g 
47te 0 r, 

The kinetic energy is — m,v 2 , where v is given by Eq. (1.47). 

2 

r = I_^L ' (7.23) 

2 m,r, 2 

The magnetic work is the integral of the magnetic force from infinity to 

I1J1 2 
2 Z m^r' 



work(magnetic,etectron2) = -—— j^s(s + l) (7 .24) 



Conservation of Energy 

Energy is conserved. Thus, the potential energy (electron 2 at r,) 
with the nucleus plus the magnetic work (electron 2 going from infinity 
to r,) must equal the sum of the negative of the electric work (electron 2 
going from infinity to r,) and the kinetic energy (electron 2 at r,). This is 
shown below with Eq. (7.25) and Eq. (7.26). 

-V(electron 2 afr,) = (2 ~ 1)c * + ---^- T^Tl) (7.25) 
and using r, for Eq. (7.19), 

V{electron 2 a/ r, ) = - (Z - 1)g (7.26) 

Ane 0 r x 

This is also the potential energy of electron 1 where their potential 
energies are indistinguishable when r,=r 2 . 



Ionization Energies 
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During ionization, power must be conserved. Power flow is 
governed by the Poynting power theorem, 

Vo(ExH) = -|[!^ (7.27) 

Energy is superposable; thus, the calculation of the ionization energy is 
determined as a sum of the electric and magnetic contributions. Energy 
must be supplied to overcome the electric force of the nucleus, and this 
energy contribution is the negative of the electric work given by Eq. 
(7.21). Additionally, the electrons are initially spin paired at 
r t = r 2 = 0.566987a 0 producing no magnetic fields; whereas, following 

ionization, the electrons possess magnetic fields and corresponding 
energies. For helium, the contribution to the ionization energy is given as 
the energy stored in the magnetic fields of the two electrons at the initial 
radius where they become spin unpaired. Part of this energy and the 
corresponding relativistic term corresponds to the precession of the outer 
electron about the z-axis due to the spin angular momentum of the inner 
electron. These terms are the same as those of the corresponding terms 
of the hyperfine structure interval of muonium as given in the Muonium 
Hyperfine Structure Interval section. Thus, for helium, which has no 
electric field beyond r, the ionization energy is given by the general 
formula: 

Ionization Energy(He) = —E(electric) + £s(raagrcetfc)^l — ^^cos~^ + a J j (7.28) 



where, 



E(electric) = - (Z ^ 

%lte o r y 

E(ma g netic) = ^!^^^A 



m)r? 



(7.29) 



(7.30) 



Eq. (7.30) is derived for each of the two electrons as Eq. (1.129) of the 
Magnetic Parameters of the Electron (Bohr Magneton) section with the 
radius given by Eq. (7.19). With the substitution of the radius given by 
Eq. (7.19) into Eq. (1.47), the velocity v is given by 

he _ oe(Z-l) 

— — (7.31) 



v = 



47t£ 0 fr 




w 2 



Z-l Z(Z-1) 



+ h 



i- 




+ a 2 (Z-l) : 



with Z>1. For increasing Z, the velocity becomes a significant fraction of 
the speed of light; thus, special relativistic corrections were included in 
the calculation of the ionization energies of two-electron atoms given in 
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Table 7.1. The relativistic corrections follow from those given in the 
Special Relativistic Correction to the Ionization Energies section wherein 
the nuclear-electron magnetic interactions as well as the electron- 
electron interactions of two-electron atoms must be included to be 
precise. 

For a nuclear charge Z greater than two, a quantized electric field 
exists outside of the orbitsphere of the unionized atom. During ionization, 
the energy contribution of the expansion of the orbitsphere of the ionized 
electron (electron 2) from r, to infinity in the presence of the electric 
fields present inside and outside of the orbitsphere is calculated as the 
J^E term of the Poynting theorem. This energy contribution can be 
determined by designing an energy cycle and considering the individual 
contributions of each electron (electron 1 and electron 2) in going from 
the initial unionized to the final ionized state. Consider two paired 
orbitspheres. Expansion of an orbitsphere in the presence of an electric 
field which is positive in the outward radial direction requires energy, 
and contraction of an orbitsphere in this field releases energy. Thus, the 
contribution of the J^E term to ionization is the difference in the energy 
required to expand one orbitsphere (electron 2) from r, to infinity and to 
contract one orbitsphere (electron 1) from infinity to r,. The energy 
contribution for the expanding orbitsphere follows the derivation of Eq. 
(1.193) of the ELECTRON g FACTOR section as follows (the vector direction 
is taken to give a positive dissipated energy): 

Dissipated Energy 

The J»E energy over time is derived from the central electric field 
from the nucleus against which electron 2 expands and the current of the 
expanding electron 2 wherein the latter is dependent of the magnetic 
field of the inner electron 1. The magnetic field of electron 1 gives rise to 
a Lorentz force on electron 2, and the dissipative current density of 
electron 2 depends on this force wherein the superconducting condition 
given by Eq. (1.155) is maintained with the electric field of electron 1. 
The magnetic flux at electron 2 due to electron 1 is given by that of Bohr 
magneton at the origin that follows from McQuarrie [3]: 

B = ^fl (7 .3 2) 

The magnetic force on electron 2 due to the magnetic field of electron 1 is 
the Lorentzian force given by Eq. (1.151). Substitution of Eq. (1.47) for v 
and Eq. (7.32) for the magnetic flux into Eq. (1.151) gives 

* 2m 2 r 4 k'^jj 
Furthermore, the velocity of electron 1 is inversely proportional to the 
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nuclear charge as given by Eqs. (1.56) and (1.226). Thus, in order to 
maintain the superconducting condition given by Eq. (1.155), the 
magnetic force corresponding to B must be given by 

F =-^^T», (7.34) 

The expansion of the orbitsphere of electron 2 produces a current. The 
current over time AfJ is 

ArJ = Ate E f (7.35) 

where J is the current density, At is the time interval, a is the 
conductivity, and E f is the effective electric field defined as follows: 

F = q{e,<t>)E f (7.36) 

where F is the magnetic force given by Eq. (7.34), and q(0,<i>) is the 

angular charge density given as follows: 

-T- (7.37) 

The orbit expands in free space; thus, the relation for the conductivity is 

Ato=e 0 (7.38) 

The electric field provided by the nucleus for the expanding orbitsphere 

is 



E 



= (Z 2) * i r (7.39) 



47te c r 2 



where e G is the permittivity of free space (8.854 X 1(T 12 C 2 /N m 2 ), Using 

Eqs. (7.34-7.39), the J*E energy density over time for the expansion of 
electron 2 with the contraction of electron 1 is 

^(J'E) = (Z I 2) f?! (7-40) 

Z 2m, r 2 

The J»E energy over time is the volume integral of the energy density 
over time 

[A/(J«E)U weU e™, = j|J ( 2 - 2 ) /V 2 * 2 SsmOdrdOd* (7.41) 

[A/(J • E)]^™, = {Z ~ Z 2) 2 ^ff (7.42) 

The J*E energy over time involving the electric field external to 

(2-2) 

the orbitsphere of electron 2 is times the magnetic energy stored 

Z 

in the space external to the orbitsphere as given by Eq. (1.127). The left 
and right sides of the Poynting theorem must balance. Given the form of 
the J»E energy over time involving the electric field external to the 
orbitsphere of electron 2 and given that the electric field inside of the 
orbitsphere is Z-l times the electric field of a point charge, the J»E 
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energy over time involving the electric field internal to the orbitsphere of 

(Z-l) 

electron 2 is times the magnetic energy stored inside of the 

orbitsphere as given by Eq. (1.125). This energy is 

[Af(J . E)]^ iMBm , = (Z ; *> An ^ff (7.43) 

Z 5m e r x 

Thus, the total J»E energy over time of electron 2 is the sum of Eqs. 
(7.42) and (7.43). 

The J*E energy over time of electron 1 during contraction from 
infinity to r, is negative, and the equations for the external and internal 
contributions are of the same form as Eqs. (7.42) and (7.43) where the 
appropriate effective charge is substituted. The J»E energy over time 
involving the electric . field external to the orbitsphere of electron 1 is 

[At(J • E)]^^, = (Z 1 1} 2n ^ff (7.44) 

Z i™ t r\ 

And, the J»E energy over time involving the electric field internal to the 
orbitsphere of electron 1 is 



[Ar(J*E)] c ^ imcm ^=|^^l (7.45) 

The difference, A, between the J»E energy over time for expanding 
electron 2 from r, to infinity and contracting electron 1 from infinity to r, 

is — )- times the stored magnetic energy given by Eq. (7.30). 

Z m e r x 

Thus, the ionization energies are given by 

1 

Ionization Energy = -Electric Energy Magnetic Energy (7.47) 

The energies of several two-electron atoms are given in Table 7.1. 
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Table 7.1. Relativistically corrected ionization energies for some two- 
electron atoms. 



2e 
Atom 


z 


( O a 


Electric 

Energy D 
(eV) 


Magnetic 

Energy c 
(eV) 


Velocity 
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• _ 
y e 
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Theoretical 
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Energies 1 
CeV) 


Experimental 
Ionization 
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Relative 
Error n 
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i 000071 
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Li 
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0.35566 
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1 00005 


75 665 


7S 6401 R 


-0 0003 

ViVUVJ 


Be 2 * 


A 
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V/ . ZD 1 1 O 


1 J0.XO7 




O.J rOOoD+UO 




1 AQQ 


1 CI fiOAA 1 
1 jj.oVOO 1 


-U.vUja 


Zr 




U.ZUD / IF 
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I .UUUI o 




O CO IT CO 1 


•U.UUjJ 


Cr 


6 


0 17113 


397 519 


22 828 


1 27836E+07 


I 00024 


393 809 


392 087 


.0 0044 


TV 


7 


0.14605 


558.958 


36.728 


1.49794E+07 


1.00033 


553.896 


552.0718 


-0.0033 


U 


g 


0.12739 


747.610 


55 340 


1 71729E+07 


1 00044 


741 023 


739 29 


-0 0023 


r 


9 


0.11297 


963.475 


79.352 


1.93649E+07 


1.00057 


955.211 


953.91 12 


-0.0014 


Ne** 


10 


0.10149 


1206.551 


109.451 


2.15560E+07 


1.00073 


1196.483 


1195.8286 


-0.0005 




1 1 


0.09213 


1476.840 


146.322 


2.37465E+07 


1 .00090 


1464.871 


1465.121 


0.0002 


O 


12 


0.08435 


1774.341 


190.652 


2.59364E+07 


1.00110 


1760.411 


1761.805 


0.0008 




13 


0.07778 


2099.05 


243.13 


2.81260E+07 


1.00133 


2083.15 


2085.98 


,0.00 14 


Si ,2+ 


14 


0.07216 


2450.98 


304.44 


3.03153E+07 


1.00159 


2433.13 


2437.63 


0.0018 




15 


0.06730 


2830.11 


375.26 


3.25043E+07 


1.00188 


2810.42 


2816.91 


0.0023 


S ,4+ 


16 


0.06306 


3236.46 


456.30 


3.46932E+07 


1.00221 


3215.09 


3223.78 


0.0027 


c/ ,5+ 


17 


0.05932 


3670.02 


548.22 


3.6881 9E+07 


1.00258 


3647.22 


3658.521 


0.0031 




18 


0.05599 


4130.79 


651.72 


3.90705E+07 


1.00298 


4106.91 


4120.8857 


0.0034 


AT ,7+ 


19 


0.05302 


4618.77 


767.49 


4.12590E+07 


1.00344 


4594.25 


4610.8 


0.0036 




20 


0.05035 


5133.96 


896.20 


4.34475E+07 


1.00394 


5109.38 


5128.8 


0.0038 


Sc' 9+ 


21 


0.04794 


5676.37 


1038.56 


4.56358E+07 


1.00450 


5652.43 


5674.8 


0.0039 


j"20+ 


22 


0.04574 


6245.98 


1195.24 


4.78241 E+07 


1.00511 


6223.55 


6249 


0.0041 


y21 + 


23 


0.04374 


6842.81 


1366.92 


5.001 23E+07 


1.00578 


6822.93 


6851.3 


0.0041 


Cr n + 


24 


0.04191 


7466.85 


1554.31 


5.22005E+07 


1.00652 


7450.76 


7481.7 


0.0041 


Mn 2i+ 


25 


0.04022 


8118.10 


1758.08 


5.43887E+07 


1.00733 


8107.25 


8140.6 


0.0041 


Fe 2A+ 


26 


0.03867 


8796.56 


1978.92 


5.65768E+07 


1.00821 


8792.66 


8828 


0.0040 


Co 25 * 


27 


0.03723 


9502.23 


2217.51 


5.87649E+07 


1.00917 


9507.25 


9544.1 


0.0039 


Ni 26 * 


28 


0.03589 


10235.12 


2474.55 


6.09529E+07 


1.01022 


10251.33 


10288.8 


0.0036 




29 


0.03465 


10995.21 


2750.72 


6.31409E+07 


1.01136 


11025.21 


11062.38 


0.0034 



a From Equation (7.19). 
b From Equation (7.29). 
c From Equation (7.30). 
d From Equations (7.31). 

e From Equation (1.250) with the velocity given by Eq. (7.31). 

' From Equations (7.28) and (7.47) with E{electric) of Eq. (7.29) relativistically 

by y* according to Eq. (1.251) except that the electron-nuclear electrodynamic 
factor corresponding to the reduced mass of Eqs. (1.213-1.223) was not included. 
9 From theoretical calculations for ions Ne** to Cu 78 * [5-6]. 

h _(Experimental-theoretic al)/experimental. 



corrected 
relativistic 
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The agreement between the experimental and calculated values of 
Table 7.1 is within the experimental capability of the spectroscopic 
determinations at large Z which relies on X-ray spectroscopy. In this 
case, the experimental capability is three to four significant figures which 
is consistent with the last column. The helium atom isoelectronic series is 
given in Table 7.1 [5-6] to much higher precision than the capability of X- 
ray spectroscopy, but these values are based on theoretical and 
interpolation techniques rather than data alone. Ionization energies are 
difficult to determine since the cut-off of the Rydberg series of lines at 
the ionization energy is often not observed, and the ionization energy 
must be determined from theoretical calculations, interpolation of He 
isoelectronic and Rydberg series, as well as direct experimental data. 

The theoretical values for low Z can be improved by calculating the 
spin-nuclear relativistic factor which corresponds to the reduced mass for 
one-electron atoms given in the Determination of Orbitsphere Radii 
section. 

HYDRIDE ION 

The hydride ion comprises two indistinguishable electrons bound to 
a proton of Z = +l. Each electron experiences a centrifugal force, and the 
balancing centripetal force (on each electron) is produced by the electric 
force between the electron and the nucleus. In addition, a magnetic force 
exists between the two electrons causing the electrons to pair. 

Determination of the Orbitsphere Radius 

Consider the binding of a second electron to a hydrogen atom to 
form a hydride ion. The second electron experiences no central electric 
force because the electric field is zero outside of the radius of the first 
electron. However, the second electron experiences a magnetic force due 
to electron 1 causing it to pair with electron 1. Thus, electron 1 
experiences the reaction force of electron 2 which acts as a centrifugal 
force. The force balance equation can be determined by equating the 
total forces acting on the two bound electrons taken together. The force 
balance equation for the paired electron orbitsphere is obtained by 
equating the forces on the mass and charge densities. The centrifugal 
force of both electrons is given by Eq. (7.1) and Eq. (7.2) where the mass 
is 2m e . Electric field lines end on charge. Since both electrons are paired 
at the same radius, the number of field lines ending on the charge 
density of electron 1 equals the number that end on the charge density of 
electron 2. The electric force is proportional to the number of field lines; 
thus, the centripetal electric force, F ete9 between the electrons and the 
nucleus is 
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_ V (7.48) 

* eleielectroa 1,2) 4ft£ r* 

where e 0 is the permittivhy" of free-space. The outward magnetic force 
on the two paired electrons is given by the negative of Eq. 7.15) where 
Z mass is 2m . The outward centrifugal force and magnetic forces on 
electrons 1 and 2 are balanced by the electric force 

2m t r\ Anz 0 r\ Z2m e r 2 

where Z = l. Solving for r 2 , 

/ n — 7\\ 1 (7.50) 

where a, is given by Eq. (1.225). That is, the final radius of electron 2, r„ 
is given by Eq. (7.50); this is also the final radius of electron 1. 

^""stTe the'^drogen atom is neutral, the ionization energy of the 
hydride Ton \t determined from the magnetic energy balance. During 
S£S« electron 2 is moved to infinity. ^J^^Z^SZ 7t 
absorption of electromagnetic radiation dictated by c °" servat1 ^ £ 
angular momentum, absorption of a photon causes he spin ax es of _ the 
. n.i cnin naired electrons to become parallel. The unpainng 
energy 1 £ fi, is gi-n by Eq. (7.30) and Eq. (7.50) multiplied by 
two beca^ the magnetic energy is proportional to the square of the 
r g netic field as derived in Eq, (1-122-L129). The magnetic energy of 
electron 1 following ionization of the hydride ion, E tleamnlfinal {magnetic\ is 

eiven bv Eq. (1.129) and Eq. (1.229). . 
8 In add tion, a third ionization energy term arises tanjj 
interaction of the two electrons during ionization. A magneUc tee existe 
thP electron to be ionized due to the spin-spin interaction. The energy 
% electron 2 to a radius which is infinitesimally greater than that 

of e^Trze'ro 10 In this case, the only force acting on electron 2 * 
thr magnetic force Due to conservation of energy, the potential energy 

calC u,a,ed ^avr& f ru,e° f m ^ic 4 ^ <*. -one, ,e„n on 

the right side of Eq. (7.49)) from r 2 to infinity, 

7 ft 2 , , -ft . (7.51) 
ma ' w< "* J 2m/ 3 

where r 2 is given by Eq. (7.50). The result of the integration is 
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^magwork M ~r , — - 12 \ * - 3 

where s = ^- By moving electron 2 to infinity, electron 1 moves to the 

radius r,=a w> and the corresponding magnetic energy, E electnml ^(magnetic) , 

is given by Eq. (7.30). In the present case of an inverse squared central 
field corresponding to the reaction force on electron 1, the magnitude of 
the binding energy is one half the magnitude of the potential energy [7] 
which is equivalent to that of Eq. (7.52). Thus, the ionization energy is 
given by subtracting the two magnetic energy terms from one half the 
magnetic work (Eq. (7.52)) wherein m e is the electron reduced mass 
mm . 

fi € = — — due to the electrodynamic magnetic energy that arises from 




4 

the force between the unpaired electrons and the nucleus which follows 
from Eqs. (1.222-1.224) and Eq. (7.51) 1 . The electrodynamic force goes to 
zero as the two electrons pair due to the cancellation pf the electron 
currents and magnetic fields. Thus, the corresponding reduced mass only 
appears in the E^^ term and in the magnetic energy of the free 

hydrogen atom term, E elearon]fmal (magnetic). Thus, the ionization energy of 
the hydride ion is given by 



1 The electrodynamic force between the unpaired electrons and the nucleus which 
follows from Eqs. (1.222-1.224) goes to zero as the two electrons pair due to the 
cancellation of the electron currents and magnetic fields. During ionization, the 
corresponding energy due to the unpaired electrons is given by 

E elearodynarmc magwork = " 5"V^ + 1) " L 3 ^js(s+l)dr ( 1 ) 

2m p r } J 2m p r 

where the mass in Eq. (1.214) is 2m e . Eq. (7.51) with the inclusion of the 
electrodynamic energy given by Eq. (1) is 



EfnagwoHc 



= J^7 V*Cs+0J — + f==f F (2) 

Thus, Eq. (7.52) with the electrodynamic energy is given by 



where the electron reduced mass is 
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Ionization Energy = — 



8/v^[l + -7^+1)] m 



2 



( . \ (7.53) 

1 2 2 

-| 



From Eq. (7.53), the calculated ionization energy of the 
hydride ion is 0.75418 eV. 

The experimental value given by Lykke [8] is 
6082.99 ±0.1 5 cm - ' (0.75418 eV). 

Without deriving the details of the nuclear structure of the 
deuterium nucleus and its magnetic moment, the electrodynamic 
magnetic energy term of the deuterium hydride ion due to the 
corresponding force between the interacting electrons and the nucleus 
with two nucleons may be taken as twice that of hydrogen which has 
only one nucleon. From Eqs. (1.222-1.224) and Eq. (7.52), the 



m e m p 



corresponding reduced electron mass in Eq. (7.53) is ^--^m 

3 p 

From Eq- (7,53), the calculated ionization energy of the 
deuterium hydride ion is 0.75471 eV. 

The experimental value given by Lykke [8] is 6086.2 ±0.6 cm" 1 
(0.75457 eV). 

HYDRINO HYDRIDE ION 

The hydrino atom H(l/2) can form a stable hydride ion. The central 
field is twice that of the hydrogen atom, and it follows from Eq. (7.49) 
that the radius of the hydrino hydride ion /T(n = l/2) is one half that of 
atomic hydrogen hydride, H~(n = l) y given by Eq. (7.50). 

The energy follows from Eq. (7.53) and Eq. (7.54) where due to the 
invariance of elm and h for lower-energy states as well as excited states 
as shown in the SPIN-ORBITAL COUPLING section, the relativistic 
correction to the binding of the electron to a hydrogen atom or hydrino 
atom is the energy stored in the magnetic field of the hydrogen atom. 
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Ionization Energy = -E mopmk - E eltam , fiaol {magnetic) - E mpaMlv {magnetic) 



fi 2 Js(s + l) 



2fe2 



ny^eh 



m. 



1 



4 J l + V^Tl) ] 3 
I °L 2 JJ 



(7.55) 



From Eq. (7.55), the calculated ionization energy of the hydrino hydride 
ion //"(« = 1/2) is 3.047 eV which corresponds to a wavelength of A=407«m. 

In general, the central field of hydrino atom H(n = 1 1 p); p = integer is 
p times that of the hydrogen atom. Thus, the force balance equation is 



ft- 



2m t r\ 



__2 



1 ti 



4ne o r\ 



■Js(s + 1) 



(7.56) 



Z 2m t r\ 

where Z = l because the field is zero for r>r,. Solving for r 2 , 

ra-r.-^l + V^+l)); j-i (7.57) 

From Eq. (7.57), the radius of the hydrino hydride ion 
H~(n = l/ p); p = integer is — that of atomic hydrogen hydride, H'(n = l), given 

by Eq. (7.50). The energy follows from Eq. (7.53) and Eq. (7.57). 
Ionization Energy = ^ - E elecmm , ^ {magnetic) - E mpoMxg {magnetic) 



h 2 Js{s + l) 






f 


n^e 2 h 2 


1 




4 



(7.58) 



From Eq. (7.58), the calculated ionization energy of the hydrino hydride 
ion H~(n = \l p) as a function of p is given in Table 7.2. 
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Table 7.2. The ionization energy of the hydrino hydride ion H~(n = l/p) as 
a function of p. 
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Pnornub 

energy^ l©vj 


l n m ) 


/f"(n = l) 


1.8660 


0.7542 


1644 


/T(n = l/2) 


0.9330 


3.047 


406.9 


//-(/? = 1/3) 


0.6220 


6.610 


187.6 


//"(* = 1/4) 


0.4665 


11.23 


110.4 


/T(n = 1/5) 


0.3732 


16.70 


74.23 


/T(n = 1/6) 


0.3110 


22.81 


54.35 


/T(n = 1/7) 


0.2666 


29.34 


42.25 


/T(n = 1/8) 


0.2333 


36.09 


34.46 


//"(n = l/9) 


0.2073 


42.84 


28.94 


/T(n = 1/10) 


0.1866 


49.38 


25.11 


H~(n — 1/11) 


0.1696 


55.50 


22.34 


//-(/i = 1/12) 


0.1555 


60.98 


20.33 


/T(« = l/13) 


0.1435 


65.63 


18.89 


fT(n = 1/14) 


0.1333 


69.22 


17.91 


//-(/i = 1/15) 


0.1244 


71.55 


17.33 


//-(« = 1/16) 


0.1 166 


72.40 


17.12 


//"(» = 1/17) 


0.1098 


71.56 


17.33 


fT(« = l/18) 


0.1037 


68.83 


18.01 


= 1/19) 


0.0982 


63.98 


19.38 


/T(n = 1/20) 


0.0933 


56.81 


21.82 


//"(« = 1/21) 


0.0889 


47.1 1 


26.32 


//-(/i = 1/22) 


0.0848 


34.66 


35.76 


JT(n = l/23) 


0.0811 


19.26 


64.36 


fT(n = 1/24) 


0.0778 


0.6945 


1785 


tf _ (n = l/25) 




not stable 





3 from Equation (7.57) 
b from Equation (7.58) 



HYDRINO HYDRIDE ION NUCLEAR MAGNETIC RESONANCE SHIFT 

The proton gyromagnetic ratio y p I In is 



9 
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y p l 2n = 42.57602 MHzT 1 (7.59) 

The NMR frequency / is the product of the proton gyromagnetic ratio 
given by Eq. (7.59) and the magnetic flux B. 

/ = y p 1 2/rB = 42.57602 MHz 7~B (7.60) 

A typical flux for a superconducting NMR magnet is 1.5 T. According to 
Eq. (7.60) this corresponds to a radio frequency (RF) of 63. 86403 MHz - With 
a constant magnetic field, the frequency is scanned to yield the spectrum. 
Or, in a common type of NMR spectrometer, the radiofrequency is held 

constant (e.g. 60 MHz), the applied magnetic field H 0 (W 0 = — ) is varied 

over a small range, and the frequency of energy absorption is recorded at 
the various valves for H 0 . The spectrum is typically scanned and 

displayed as a function of increasing H 0 . The protons that absorb energy 

at a lower H 0 give rise to a downfield absorption peak; whereas, the 

protons that absorb energy at a higher H 0 give rise to an upfield 

absorption peak. The electrons of the compound of a sample influence 
the field at the nucleus such that it deviates slightly from the applied 
value. For the case that the chemical environment has no NMR effect, the 
value of H 0 at resonance with the radiofrequency held constant at 60 MHz 

2nf_ = (2»X60MJfc) „ (7 . 61) 
»oY P /i 0 42. 57602 MHz T~ 0 

In the case that the chemical environment has a NMR effect, a different 
value of H 0 is required for resonance. This chemical shift is proportional 

to the electronic magnetic flux change at the nucleus due to the applied 
field which in the case of each hydrino hydride ion is a function of its 
radius. 

The change in the magnetic moment, Am, of each electron of the 
hydride ion due to an applied magnetic flux B is [9] 

2 2n 

Am = -— (7.62) 

The two electrons are spin-paired and the velocities are mirror opposites. 
Thus, the change in velocity of each electron treated individually (Eq. 
(10.3)) due to the applied field would be equal and opposite. However, as 
shown in the Three Electron Atom section, the two paired electrons may 
be treated as one with twice the mass where m e is replaced by 2m e in Eq. 

(7.62). In this case, the paired electrons spin together about the applied 
field axis, the z-axis, to cause a reduction in the applied field according to 
Lenz's law. Then, the radius in Eq. (7.62) corresponds to the coordinate p 
in cylindrical coordinates since it is perpendicular to the direction of the 
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applied field along the z-axis. The integral over the entire flux linked by 
the hydride ion orbitsphere is given by 



tm.-£*i— (7.63) 

where r t is the radius of the hydride ion [10]. The change in magnetic 
flux AB at the nucleus due to the change in magnetic moment, Am, given 
by Eq. (7.63) follows from Eq. (1.100). 

AB = /io— (i r cos0-i d sin0) for r<r n (7.64) 
r \ 

where /z 0 is the permeability of vacuum. Substitution of Eq. (7.63) into 

AB 

Eq. (7.64) gives the absolute upfield chemical shift — of //"(l/l) relative 

B 

to a bare proton: 

A pe \ 

B . 12m^(l + Vs(* + l)) (7.65) 

= -p29.9 ppm 
where p = l for //"(l/l). 

It follows from Eqs. (7.57) and (7.65) that the diamagnetic flux (flux 
opposite to the applied field) at the nucleus is inversely proportional to 

the radius, r x = ^ 2 .(i + t/s(s + 1)). For resonance to occur, A// 0 , the change in 

applied field from that given by Eq. (7.61), must compensate by an equal 
and opposite amount as the field due to the electrons of the hydrino 
hydride ion. 

According to Eq. (7.57), the ratio of the radius of the hydrino 
hydride ion H~(l/ p) to that of the hydride ion //"(l/l) is the reciprocal of 
an integer p. It follows from Eqs. (7.59-7.65) that compared to a proton 
with no chemical shift, the ratio of AH 0 for resonance of the proton of the 
hydrino hydride ion H~(l/p) to that of the hydride ion H~(l/l) is a 

positive integer. That is, if only the radius is considered, the absorption 
peak of the hydrino hydride ion occurs at a valve of AH 0 that is a 

multiple of p times the value that is resonant for the hydride ion 
compared to that of a proton with no shift. However, a hydrino hydride 
ion is equivalent to the ordinary hydride ion except that it is in a lower 
energy state. The source current of the state must be considered in 
addition to the reduced radius. 

As shown in the Stability of "Ground" and Hydrino States section, 
for the below "ground" (fractional quantum number) energy states of the 
hydrogen atom, cr^^ , the two-dimensional surface charge due to the 



& photon 



^photon ^etectnm 



4n( 
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"trapped photon" at the electron orbitsphere and phase-locked with the 
electron orbitsphere current, is given by Eqs. (5.13) and (2.11). 

1,111 

n = — = l,— (7.0O) 
p 2 3 4 

And, o eltclron > the two-dimensional surface charge of the electron 
orbitsphere is 

= 4^[^ (a ^ ) + Re { y " (0 ' 0)e, ^}] 5(r " rJ (767) 

The superposition of o ph0l0a (Eq. (7.66)) and o tleelmn , (Eq. (7.67)) where the 

spherical harmonic functions satisfy the conditions given in the Angular 
Function section is 

n = ~ = 1 >T>r»7> — t (7.68) 

p 2 3 4 

The ratio of the total charge distributed over the surface at the radius of 
the hydride ion of the hydrino hydride ion H~(l/p) to that of the hydride 
ion //*(!/ 1) is an integer /?, and the corresponding total source current of 
the hydrino hydride ion is equivalent to an integer p times that of an 
electron. The "trapped photon" obeys the phase-matching condition 
given in Excited States of the One-Electron Atom (Quantization) section, 
but does not interact with the applied flux directly. Only each electron 
does; thus, Av of Purcell [9] that gives rise to the change in the magnetic 
moment, Am, of Eq. (7.62) must be corrected by a factor of l/p 
corresponding to the normalization of the electron source current 
according to the invariance of charge under Gauss 1 Integral Law. As also 
shown by Eqs. (7.8-7.14) and (7.57), the "trapped photon" gives rise to a 
correction to the change in magnetic moment due to the interaction of 
each electron with the applied flux. The correction factor of l/p 
consequently cancels the NMR effect of the reduced radius for H~(l/p) in 

Eq. (7.65) which is consistent with general observations on diamagnetism 
[11]. This is consistent with the E e[ectnm , futal (magnetic) term of Eq. (7.53). 

The cancellation of the chemical shift due to the reduced radius or 
the reduced semiminor and semimajor axes in the case of H~(l/ p) and 
H 2 (l/p), respectively, by the corresponding source current is exact except 
for an additional relativistic effect. The relativistic effect for H~(l/p) 

arises due to the interaction of the currents corresponding to the angular 
momenta of the "trapped photon" and the electrons and is analogous to 
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that of the fine structure of the hydrogen atom involving the 
transition. The derivation follows that of the fine structure given in the 
Spin-Orbital Coupling section. 

— of the electron, the electron angular momentum of h y and the 



electron magnetic momentum of /i B are invariant for any electronic state. 
The same applies for the paired electrons of hydrino hydride ions. The 
condition that flux must be linked by the electron in units of the 
magnetic flux quantum in order to conserve the invariant electron 
angular momentum of h gives the additional chemical shift due to 
relativistic effects. Using Eqs. (2.95-2.96), Eq. (2.102) may be written as 



Esio = HS^ [1 = a2K2 ^J^ J ll = a 2n2» B B (7.69) 
5 0 my V4 2m e 2m e aJ V 4 

From Eq. (7.69) and Eq. (1.194), the relativistic stored magnetic energy 
contributes a factor of aln. The relativistic change in flux AB S * may be 
calculated using Eq. (7.64) and the relativistic factor of 2rta which is the 
same as that given by Eq. (1.218): 

AB SR = ~27t(xpL 0 — y-(i r cos0 — sin 0) for r<r n (7.70) 



Thus, using Eqs. (7.57), (7.63), and (7.70), the upfield chemical shift — ^ 

due to the relativistic effect of the ion H~[\l p) corresponding to the 
lower-energy state with principal quantum energy state p is given by 

^b. = -2ko^ t pe \ t ■ (7.71) 

The total shift ^ for H~{l/p) is given by the sum of that of /T(l/1) 
given by Eqs. (7.65) plus that given by Eq. (7.71): 

2 

= e (1 + 2Kop) = -(29.9 + I37p)ppm (7.72) 

B 12/71^1 + ^(^ + 1)] 

where p = integer > 1 . 

Alkali and alkaline earth hydrides and hydrino hydrides have been 
characterized by NMR [12-14] where the field was fixed and the NMR 

frequency was scanned. The experimental frequency of H 
compared to that of a proton and the upfield shifted peaks of H {XI p) 
were consistent with Eqs. (7.65) and (7.72), respectively. For example, l H 
MAS NMR was performed on novel hydrino hydride compound KH*Cl 
synthesized with K as the catalyst, and the spectrum was compared to 
that of KH [12]. The l H MAS NMR spectrum of KH*Cl relative to 
external tetramethylsilane (TMS) showed a resonance at 1.3 ppm that 
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matched ordinary hydride ion. A large distinct upfield resonance at -4.4 
identified a novel hydride ion of KH*Cl. The experimental absolute 
resonance shift of TMS is -31.5 ppm relative to the proton's gyromagnetic 
frequency [15-16]. The KH experimental shift of +1.3 ppm relative to 
TMS corresponding to absolute resonance shift of -30.2 ppm matches 
very well the predicted shift of /T(l/1) of -30 ppm given by Eq. (7.65). 
The novel peak at -4.4 ppm relative to TMS corresponding to an absolute 
resonance shift of -35.9 ppm indicates that p = 4 in Eq. (7.72). H~(\/4) is 
the hydride ion predicted by using K as the catalyst according to Eqs. 
(5.1 9-5.21). This assignment was further supported by the XPS spectrum 
of KH*I that was also synthesized by using K as the catalyst. It differed 
from that of KI by having additional features at 9.1 eV and 11.1 eV [14]. 
The XPS peaks centered at 9.0 eV and 11.1 eV that do not correspond to 
any other primary element peaks corresponded to the 
/T(n = l/4)£ fr =lL2<?V hydride ion (Eq. (7.58)) in two different chemical 
environments where E b is the predicted vacuum binding energy. 

Extreme ultraviolet spectroscopy was performed on the potassium 
catalysis reaction [17]. Intense extreme ultraviolet (EUV) emission was 
observed from incandescently heated atomic hydrogen and the atomized 
potassium catalyst that generated an anomalous plasma at low 
temperatures (e.g. ~10 3 K) and an extraordinary low field strength of 
about 1-2 V/cm. No emission was observed with potassium or hydrogen 
alone or when sodium replaced potassium with hydrogen. Emission was 
observed from K 3+ that confirmed the resonant nonradiative energy 
transfer of 3-27.2 eV from atomic hydrogen to atomic potassium. The 
catalysis product, a lower-energy hydrogen atom, was predicted to be a 
highly reactive intermediate which further reacts to form a novel 
hydride ion. The predicted hydride ion of hydrogen catalysis by atomic 
potassium is the hydride ion /T(l/4). This ion was observed 
spectroscopically at 1 10 nm corresponding to its predicted binding energy 
of 11.2eV. 

HYDRINO HYDRIDE ION HYPERFINE LINES 

For ordinary hydride ion a continuum is observed at shorter 

wavelengths of the ionization or binding energy referred to as the bound- 
free continuum. For typical conditions in the photosphere, Figure 4.5 of 
Stix [18] shows the continuous absorption coefficient k c {X) of the Sun. In 

the visible and infrared spectrum, the hydride ion H" is the dominant 
absorber. Its free-free continuum starts at A = 1.645/im, corresponding to 
the ionization energy of 0.745 eV for H~ with strongly increasing 
absorption towards the far infrared. The ordinary hydride spectrum 
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recorded on the Sun is representative of the hydride spectrum in a very 
hot plasma. 

Hydride ions formed by the reaction of hydrogen or hydrino atoms 
with free electrons with a kinetic energy distribution give rise to the 
bound-free emission band to shorter wavelengths than the ionization or 
binding energy due to the release of the electron kinetic energy and the 
hydride ion binding energy. As shown by Eq. (7.55), the energies for the 
formation of hydrino hydride ions are much greater, and with sufficient 
spectroscopic resolution, it may be possible to resolve hyperfine structure 
in the corresponding bound-free band due to interactions of the free and 
bound electrons. The derivation of the hyperfine lines follows. 

Consider a free electron binding to a hydrino atom to form a 
hydrino hydride ion. The total angular momentum of an electron is ft. 
During binding of the free electron, the bound electron produces a 
magnetic field at the free electron given by Eq. (1.101). Thus, for radial 
distances greater than the radius of the hydride ion, the magnetic field is 
equivalent to that of a magnetic dipole of a Bohr magneton at the origin. 
The energy of interaction of a magnetic dipole with the magnetic field of 
the bound electron E M9 the spin-spin energy, is given by Eq. (1.195) — the 

product of the electron g factor given by Eq. (1,194), the magnetic 
moment of the free electron, a Bohr magneton given by Eq. (1.99), and 
the magnetic flux which follows from Eq. (1.101). 

E„=g^H = g MB B^g^y^-\ (7.73) 

where is the permeability of free space, r is the radius of hydride ion 
H~(n = l/p) given by Eq. (7.56), and p is an integer. E a for H'(l/2) is given 
by 

E S5 = 0.01 1223 eV ( 7 - 74 ) 
where the radius given by Eq. (7.56) is 

^=0.9330100 (7.75) 
where /? = 2. From Eqs. (7.55) and (7.56), the binding energy E B of H~(l/2) 
is 

= 3.0471 eV (4069.0 A) (7.76) 
When a free electron binds to the hydrino atom #(1/2) to form a hydride 
ion /T(l/2), a photon is emitted with a minimum energy equal to the 
binding energy (E B = 3.0471 eV). Any kinetic energy that the free electron 
possess must increase the energy of the emitted photon. The interaction 
of the two electrons quantizes this emission by the same mechanism as 
that observed in the Stern Gerlach experiment — quantization of flux 
linkage. Superconducting Quantum Interference Devices (SQUIDs) or wire 
loops linked to SQUIDs also show quantization of flux and the 
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corresponding energies as shown in the Schrodinger Fat Cats-Another 

F,aW 1n WSSS^^V^^ a magnetic field is applied along 
the z-axis called the spin axis' The superposition of the vector projection 
of the orbitsphere angular momentum on the z-axis is - with an 
orthogonal component of f . Excitation of a resonant Larmor precession 
gives rise to ft on an axis S that precesses about the spin axis at an angle 
of 0 = |. S rotates about the z-axis at the Larmor frequency. S x , the 

transverse projection ' (r.-axta of Figure 1.7), is ±fy, and S„ the 
projection onto the axis of the applied magnetic field (z-axis), is ±-. As 
shown in the Spin Angular Momentum of the Orbitsphere with *= 0 
section, the superposition of the \ z-axis component of the orbitsphere 
angular momentum and the \ z-axis component of S gives ft 
a •„„ tn th* nhserved electron magnetic moment of a Bohr 
maTneC di ;t As Electron g Factor section, the electron links 

flux in units of the magnetic flux quantum * 0 -£ during a Stern-Gerlach 
transition which conserves the angular momentum of the electron of ft. 
Due to the Afield of the bound electron, the free electron possessing kinetic 
energy wiU precess about the z-axis as it orbits the bound electron giving 
TH^Lf component of angular momentum A reson an c exists ^ when 
the transverse precessional angular momentum along the Y R axis 
Figure 1.7 is an integer number of such that its projection onto 

<J **i<; is ft In order to conserve angular momentum of both 
electrons s 1 the bound electron links an integer number of fluxons due o 
the free electron, the corresponding fluxon energy E 0 due the free 
electron's Y R -axis component of follows from Eq. (1.194) 

wherein the angular momentum corresponding to the Bohr magneton, ft, 
is replaced by and the magnetic flux density B is given by the 

ratio of the flux to the area. 
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^-^'-*- 2 >^(*)- J ' b - 2, 7^ B 

. 2f „ 0 \ Mb Mo( 4L\ 



(7.77) 



where j is an integer, 5 = 1/2, and A is the area linked by the integer 
number of fluxons as given in the Electron g Factor section. The 
additional angular momentum due to the kinetic energy of the binding 
free electron is conserved in rotational energy of the resulting hydride 
ion The flux linkage energy applies to each of the two electrons; thus, a 
factor of two in Eq. (7.77) is required. This is analogous to mutual 
induction. The electrons flip in opposite directions and conserve angular 
momentum by linking flux in integer units of the magnetic flux quantum 
which corresponds to the term {g-2). With the radius given by Eq. 
(7.75), the fluxon energy E» of fT(l/2) for both electrons is given by 

£ ° = ™° - 2 ^^{£r) - i ' 3m 10 " 5 eV (7 ' 78) 

The energies of the hyperfine lines E HF , are given by the sum of the 
binding energy (Eqs. (7.55) and (7.76)), the spin-spin energy (Eqs. (7.73) 
and (7.74)), and the fluxon energy (Eqs. (7.77) and (7.78)). 
E HF = E» + E„ + E B = (/3.00213 X 10- 5 + 0.01 1223 + 3.047l) eV 

(; is an integer) (7.7 9) 

= (y 2 3.0021 3 X10" 5 + 3.0583) eV 
The observation of bound-free hyperfine peaks requires an 
electron binding threshold with a large cross section. Ordinary hydride 
ion does not have a fine structure transition; thus, it shows only a 
hydride binding energy continuum [19]. The existence of fine structure 
transitions in H(l/2) provides a mechanism to observe a peak 
corresponding to the formation of a free hydride ion by the binding of an 
electron. The predicted energy difference between the l/2^ /2 , 1/2S;, 2 and 
l/2P, n levels of the hydrogen atom, the fine structure splitting given by 
Eq. (2.102), is 

E, lo = Sa 5 {27cfm e c 1 ^ = 2.8922 X 10 J eV (7.80) 

From Eq. (2.40) and the Spin-Nuclear Coupling section, the spin-orbital 
coupling is proportional to the applied flux due to spin and orbital 
angular momenta. With the requirement of the quantization of flux in 
integer units of the magnetic flux quantum during binding as shown in 
the Electron g Factor section, the corresponding emission is at a longer 
wavelength having an energy of the binding energy minus an integer 
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times the fine structure energy. The peak due to the binding energy (Eq. 
(7.76)) with excitation the fine structure splitting (Eq. (7.80)) is given by 

E sfe = E B -E slo = 3.0471 eV -. 2.8922 X 10 3 eV = 3.0442eV (A flI> = 4071.7 A) (7.81) 
The l/2P 3f2y l/2P U2 , and \I2S U2 levels are also split by spin-nuclear and 
orbital-nuclear coupling. l/25 l/2 — H2P V2 and l/2P U2 — l/2P 3/2 transitions 

occur between hyperfine levels; thus, the transition energy is the sum of 
the fine structure and the corresponding hyperfine energy. The 
hyperfine splittings of H{l/2) given in the SPIN-NUCLEAR COUPLING 

section are 1.197X10^ eV and 3.153X10^eV for f = 0 and £ = 1, respectively. 
In addition to a continuum, the binding of an electron to H(\I2) has a 
resonance emission with excitation of transitions between hyperfine 
levels of the fine structure levels. 

The catalyst product of Rb* and two K+, //(1/2), was predicted to be 
a highly reactive intermediate which further reacts to form a novel 
hydride ion H~(l/2). This hydride ion with a predicted binding energy of 
3.0471 eV was observed by high resolution visible spectroscopy as a 
continuum threshold at 3.047 eV (A ffl> =4068 A), and a structured, strong 

emission peak was observed at 4071 A corresponding to the fine 
structure and hyperfine structure of H(l/2) [20]. The experimental 

//~(l/2) peak at 4070.6 A (air wavelength) was used to calculate the peak 
positions of the bound-free hyperfine lines. Substitution of the 
corresponding energy of 3.0451 eV into Eq. (7.79) for E B gives 

E HF = E* + E u + E B = (y 2 3.002 13 X 10~ 5 + 0.01 1223 + 3.0451) eV 

(j is an integer)(7.82) 

= (/3.00213 X 10" 5 + 3.0563) eV 

Bound-free hyperfine structure lines of H~(l/2) were predicted with 
energies E HF given by Eq. (7.82) as an inverse Rydberg-type series from 
3.0563 eV to 3.1012 eV — the hydride binding energy peak plus one and 
five times the spin-pairing energy, respectively. The high resolution 
visible plasma emission spectra in the region of 3995 A to 4060 A matched 
the predicted emission lines for j = 1 to j = 39 with the series edge at 

3996.3 A up to 1 part in 10 5 [20]. The structure of these peaks matched 
that of £T(l/2) which corresponded to the predicted hyperfine splitting. 
All species present in the reaction or possible contaminants were 
eliminated as the source of the 4071 A peak, the series of 39 lines, and 
series the edge. In particular, nitrogen, air, and hydrogen were 
eliminated. 

The high resolution visible spectroscopy results were supported by 
the NMR of the reaction product. A novel peak at -1.5 ppm relative to 
TMS corresponding to an absolute resonance shift of -33.0 ppm indicates 
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that p = 2 in Eq. (7.72) [12, 14]. H'(l/2) is the hydride ion predicted by 
using K* / K* as the catalyst according to Eqs. (5.28-5.30). In addition to 
spectroscopy on the H'(\I2) hydride ion product, the energetic reaction of 
K* IK* catalyst with atomic hydrogen has been characterized. Each of the 
ionization of Rb* and cesium and an electron transfer between two K* 
ions (K+/K+) provide a reaction with a net enthalpy of an integer 
multiple of the potential energy of atomic hydrogen, 27.2 eV. The 
corresponding Group I nitrates provide these reactants as volatilized ions 
directly or as atoms by undergoing decomposition or reduction to the 
corresponding metal. The presence of each of the reactants identified as 
providing an enthalpy of 27.2 eV formed a low applied temperature, 
extremely low voltage plasma in atomic hydrogen called a resonant 
transfer or rt-plasma having strong vacuum ultraviolet (VUV) emission. 
In contrast, magnesium and aluminum atoms or ions do not ionize at 
integer multiples of the potential energy of atomic hydrogen. Mg(N0 3 ) 2 or 

Al(N0 3 ) 3 did not form a plasma and caused no emission [20-24]. 

Anomalous afterglow durations of plasmas formed by catalysts providing 
a net enthalpy of reaction within thermal energies of m- 27.28 eV including 
hydrogen-potassium mixtures were observed [22-24]. Emission from rt- 
plasmas occurred even when the electric field applied to the plasma was 
zero. 

For further characterization, the width of the 6563 A Balmer a line 
on light emitted from rt-plasmas was recorded. Significant line 
broadening of 18, 12, and 12 eV was observed from a rt-plasma of hydrogen 
with KNO y7 RbNO$ , and CsN0 3y respectively, compared to 3 eV from a 
hydrogen microwave plasma. These results could not be explained by 
Stark or thermal broadening or electric field acceleration of charged 
species since the measured field of the incandescent heater was 
extremely weak, 1 V/cm, corresponding to a broadening of much less 
than 1 eV. Rather the source of the excessive line broadening is consistent 
with that of the observed VUV emission, an energetic reaction caused by 
a resonant energy transfer between hydrogen atoms and K+/K+, Rb+ , and 
cesium, which serve as catalysts. 

KNO z and RbN0 3 formed the most intense plasma. Remarkably, a 
stationary inverted Lyman population was observed in the . case of an rt- 
plasma formed with potassium and rubidium catalysts. These catalytic 
reactions may pump a cw H I laser as predicted by a collisional radiative 
model used to determine that the observed overpopulation was above 
threshold [21]. 
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THREE, FOUR, FIVE, SIX, SEVEN, EIGHT, NINE, TEN, ELEVEN, 
TWELVE, THIRTEEN, FOURTEEN, FIFTEEN, SIXTEEN, SEVENTEEN, 
EIGHTEEN, NINETEEN, AND TWENTY-ELECTRON ATOMS 

THREE-ELECTRON ATOMS 

As is the case for one and two-electron atoms shown in the 
corresponding sections, three through ten-electron atoms can also be 
solved exactly using the results of the solutions of the preceding atoms. 
For example, three-electron atoms can be solved exactly using the results 
of the solutions of the one and two-electron atoms. 

THE LITHIUM ATOM 

For Zi + , there are two spin-paired electrons in an orbitsphere with 

I 

1 ^4 



r i = r 2 = a o 



2 6 



(10.1) 



as given by Eq. (7.19) where r n is the radius of electron n which has 

velocity v„. The next electron is added to a new orbitsphere because of 

the repulsive diamagnetic force between the two spin-paired electrons 

and the spin-unpaired electron. This repulsive diamagnetic force is due 

to the interaction of the magnetic field of the outer spin-unpaired 

electron on the electron current of the two spin-paired electrons of the 

inner shell. The diamagnetic force on the outer electron is determined by 

first considering the central force on each electron of the inner shell due 

to the magnetic flux B of the outer electron that follows from Purcell [1] 

p= 2m £ H 1 Av 

r 

where i r is defined as the radial vector in the direction of the central 
electric field of the nucleus and 

^ = -2. * (10.3) 
r 2m e 

The velocity v B is given by the boundary condition for no radiation as 
follows: 

v,=— (10.4) 

where r, is the radius of the first orbitsphere; therefore, the force on each 
of the inner electrons is given as follows: 

F = — i r (10.5) 
m t r x 

The change in magnetic moment, Am, of each electron of the inner shell 
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due to the magnetic flux B of the outer electron is [1] 

Am = -^ (10.6) 

The diamagnetic force on the outer electron due to the two inner shell 
electrons is in the opposite direction of the force given by Eq. (10.5), and 
this diamagnetic force on the outer electron is proportional to the sum of 
the changes in magnetic moments of the two inner electrons due to the 
magnetic flux B of the outer electron. The two electrons are spin-paired 
and the, . Thus, the change in velocity of each electron treated 
individually (Eq. (10.3)) due to the magnetic flux B would be equal and 
opposite. However, the two paired electrons may be treated as one with 
twice the mass where m e is replaced by 2m e in Eq. (10.6). In this case, the 

paired electrons spin together about the field axis to cause a reduction in 
the flux according to Lenz's law. It is then apparent that the force given 
by Eq. (10.5) is proportional to the flux B of the outer electron; whereas, 
the total of the change in magnetic moments of the inner shell electrons 
given by Eq. (10.6) applied to the combination of the inner electrons is 
proportional to one eighth of the flux, B. Thus, the force on the outer 
electron due to the reaction of the inner shell to the flux of the outer 
electron is given as follows: 

h eB. 

where r, is the radial distance of the first orbitsphere from the nucleus. 
The magnetic flux, B, is supplied by the constant field inside the 
orbitsphere of the outer electron at radius r 3 and is given by the product 

of fi a times Eq. (1.120). 

B = && (10.8) 
The result of substitution of Eq. (10.8) into Eq. (10.7) is 

The term in brackets can be expressed in terms of the fine structure 
constant, a. From Eqs. (1.144-1.148) 

-^^ = 27ra- (10.10) 

2/n/ 3 c 

It is demonstrated in the Two-Electron Atom section that the relativistic 



^diamagnetic ~ " ~***r ( 1 ° 7 ) 



correction to Eq. (10.9) is — times the reciprocal of Eq. (10.10). Z for 

electron three is one; thus, one is substituted for the term in brackets in 
Eq. (10.9). 

The force must be corrected for the vector projection of the velocity 
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onto the z-axis. As given in the Spin Angular Momentum of the 
Orbitsphere with ^ = 0 section, the application of a z directed magnetic 
field of electron three given by Eq. (1.120) to the two inner orbitspheres 
gives rise to a diamagnetic field and a projection of the angular 
momentum of electron three onto an axis which precesses about the z- 

axis of n/^ft. The projection of the force between electron three and 

electron one and two is equivalent to that of the angular momentum onto 

the axis which precesses about the z-axis, and is ^s(s + 1) = ^ times that 



of a point mass. Thus, Eq. (10.9) becomes 

h 2 



diamagnetic 



(10.11) 



THE RADIUS OF THE OUTER ELECTRON OF THE LITHIUM ATOM 

The radius for the outer electron is calculated by equating the 
outward centrifugal force to the sum of the electric and diamagnetic 
forces as follows: 



4K£ 0 r\ 



4m e r 3 r t 



(10.12) 



With v 3 = 



m e r 3 



(Eq. (1.56), r, = a. 



I 
2 




3 



1 



(Eq. (7.19)), and s = — , we solve for 

2 



r 3 = 



1- 



V3/4 



(10.13) 



r 3 = 2.5559 a 0 



THE IONIZATION ENERGY OF LITHIUM 

From Eq. (1.233), the magnitude of the energy stored in the electric 
field is 

^j- = 5.318eV (10.14) 

The magnetic field of the outer electron changes the angular velocities of 
the inner electrons. However, the magnetic field of the outer electron 
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provides a central Lorentzian force which exactly balances the change in 
centrifugal force because of the change in angular velocity [1]. Thus, the 
electric energy of the inner orbitsphere is unchanged upon ionization. 
The magnetic field of the outer electron, however, also changes the 
magnetic moment, m, of each of the inner orbitsphere electrons. From Eq. 
(10.6), the change in magnetic moment, Am, (per electron) is 

«-~ (10.15) 

where B is the magnetic flux of the outer electron given by the product 
of n„ times Eq. (1.120). 

»-M (10.16) 

Substitution of Eq. (10.16) and 2m e for m e (because there are two 
electrons) into Eq. (10.15) gives 

Furthermore, we know from E qs. (10.9) and (10.11) that the term in 
brackets is replaced by <Js{s + l). 

A^-T^rV^ + l) (10.18) 

4w Vs 

Substitution of Eq. (10.1) for r,, Eq. (10.13) for r 3 , and given that the 

magnetic moment of an electron is one Bohr magneton according to Eq. 
(1.99), 

Vb = £^ (10.19) 

the fractional change in magnetic moment of an inner shell electron, Am f9 
is given as follows: 

&™ f - ^ (10.20) 

2m, 

= ^VV^+I> (10.21) 

With r, given by Eq. (10.1), r, given by Eq. (10.13), and s = -, the 

2 

fractional change in magnetic moment of the two inner shell electrons is 
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Am, — 



2 




3 



-,-i2 




12 



44 1 



» 



1- 




2 




(10.22) 



Am, =0.01677 

We add one (corresponding to m f ) to Am f which is the fractional change in 

the magnetic moment. The energy stored in the magnetic field is 
proportional to the magnetic field strength squared as given by Eq. 
(1.122); thus, the sum is squared 

(1.0168) 2 =1.03382 

Thus, the change in magnetic energy of the inner orbitsphere is 
so that the corresponding energy AE is 

AC^j = 0.03382 X 2.543 eV = 0.0860 eV ( 1 0.24) 

where the magnetic energy of the inner electrons given in Table 7.1 is 
2.543 eV. Then the ionization energy of the lithium atom is given by Eqs. 
(10.13-10.14) and (10.24): 



(10.23) 
3.382 %, 



E(ionization; LA) = 



(Z - 2)e 



+ AE 



mag 



(10.25) 



= 5.3178 eV + 0.0860 eV = 5.4038 eV 
The experimental ionization energy of lithium is 5.392 eV [2-3]. 



THREE-ELECTRON ATOMS WITH A NUCLEAR CHARGE Z>3 

Three-electron atoms having Z>3 possess an electric field of 

(Z-3)e 



(10.26) 



for r>r 3 . For three-electron atoms having Z>3, the diamagnetic force 
given by Eq. (10.11) is unchanged. However, for three-electron atoms 
having Z>3, an electric field exists for r>r 3 . This electric field gives rise 
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to an additional diamagnetic force term which adds to Eq. (10.11). The 
additional diamagnetic force is derived as follows. The diamagnetic force 
repels the third (outer) electron, and the electric force attracts the third 
electron. Consider the reverse of ionization where the third electron is at 
infinity and the two spin-paired electrons are at r, =r 2 given by Eq. 

(7.19). 

Power must be conserved as the net force of the diamagnetic and 
electric forces cause the third electron to move from infinity to its final 
radius. Power flow is given by the Poynting Power Theorem: 

V.(ExH) = -!|^^ (10.27) 

During binding, the radius of electron three decreases. The electric force 

( Z-2)e 2 
47te o ri 

increases the stored electric energy which corresponds to the power 
term, ~J^[2 € ° E#E ]' °^ (*^.27). ^ e di ama g ne ti c force given by Eq. 
(10.7) changes the stored magnetic energy which corresponds to the 
power term, — ^^/£ 0 H*hJ, of Eq. (10.27). An additional diamagnetic 

force arises when Z-3>0. This diamagnetic force corresponds to that 
given by Purcell [1] for a charge moving in a central field having an 
imposed magnetic field perpendicular to the plane of motion. The second 
diamagnetic force F diamagnetic 2 is given by 



m Av 2 



^diamagnetic 2 ~ ~ 2 K (10.29) 



where Av is derived from Eq. (10.3). The result of substitution of Av into 
Eq. (10.29) is 



The magnetic flux, 5, at electron three for r<r 3 is given by the product of 

fi Q times Eq. (1.120). The result of the substitution of the flux into Eq. 
(10.30) is 

F^^ 2 =-2|^l-5^i r (10.31) 

The term in brackets can be expressed in terms of the fine structure 
constant, a . From Eqs. (1.144-1.148) 

1^^2/raZ,- (10.32) 
2m/ 3 c 

It is demonstrated in the Two-Electron Atom section that the relativistic 
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correction to Eq. (10.31) is ^ times the reciprocal of Eq. (10.32). Consider 

the case wherein Z, of Eq. (10.32) is different from Z = Z, of Eq. (7.13) in 
order to maintain relativistic invariance of the electron angular 
momentum and magnetic moment. The relativistic correction to Eq. 
(10.31) can be considered the product of two corrections — a correction of 
electron three relative to electron one and two, and electron one and two 
relative to electron three. In the former case, Z, and Zj = 1 which 
corresponds to electron three. In the latter case, Z,=Z-3, and Zj=Z-2 
which corresponds to r 3 + , infinitesimally greater than the radius of the 
outer orbitsphere and rj, infinitesimally less than the radius of the outer 

orbitsphere, respectively, where Z is the nuclear charge. Thus, — - is 

substituted for the term in brackets in Eq. (10.31). The force must be 
corrected for the vector projection of the velocity onto the z-axis. As 
given in the Spin Angular Momentum of the Orbitsphere with £ = 0 
section, the application of a z directed magnetic field of electron three 
given by Eq. (1.120) to the two inner orbitspheres gives rise to a 
diamagnetic field and a projection of the angular momentum of electron 

three onto an axis which precesses about the z-axis of ^ft. The 

projection of the force between electron three and electron one and two 
is equivalent to that of the angular momentum onto the axis which 

precesses about the z-axis, and is ^s(s+l) = ^ times that of a point mass. 

Thus, Eq. (10.31) becomes 

F , fe2= - 2 (Z ~ 3)r » ft2 4 V^n)i, (10.33) 
******* 2 (Z _ 2 ) m r * w 

As given previously in the Two Electron section, this force corresponds to 
the dissipation term of Eq. (10.27), J»E. The current J is proportional to 
the sum of one for the outer electron and two times two — the number of 
spin-paired electrons. For the inner electrons, the factor of two arises 
because they possess mutual inductance which doubles their contribution 
to J. (Recall the general relationship that the current is equal to the flux 
divided by the inductance.) Thus, the second diamagnetic force is 

F .^-2\^]^^^T)V, s = \ (10.34) 

F rZz2l_^Li 0 ^/374i r (10.35) 

*d,™,gne,,c2 lz-2]m e rf 

THE RADIUS OF THE OUTER ELECTRON OF THREE-ELECTRON 
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r * 

ATOMS WITH A NUCLEAR CHARGE Z>3 

The radius of the outer electron is calculated by equating the 
outward centrifugal force to the sum of the electric and diamagnetic 
forces as follows: 

2 (Z-2)e 2 * 2 r " 0 " , -* 2 



0e 2 h 2 n — tt rz-3V,ft 2 r- — - 



1 



With v, = — (Eq. (1.56), r,=a 

m,r 3 I Z — I Z(Z 

solve for r 3 using the quadratic formula or reiteratively. 




(10.36) 

(Eq. (7.19), and $ = — , we 

2 



r 3 = 



1 + 



fZ-31/1 
LZ-2jr, 



10 j| 



(Z-2) 




3 



4r, 



The quadratic equation corresponding to Eq. (10.37) is 

\—\ 



r 2 __ 
'3 



(Z-2) 




3 
4 



41 



(Z-2) 




3 
4 



=T =0 



4k 



The solution of Eq. (10.38) using the quadratic formula is 





- ± a 


1 




f #1 


(Z-2)-- P- 
4^ 




(Z-2)-^ 4 - 
4r, 

i 

1- J 



+ 4h 




(10.37) 



(10.38) 



, /; /« unfrj of a 0 ( 1 0.39) 



r 3 = 



(Z-2)- 



3 



4r, 



1± 



1 + 4 



Z-3 
Z-2 



(Z-2)- 




3 
4 



4r, 



, /; in units ofa e 



(10.40) 
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r 3 = 





l±Jl + 4(Z-3)r,10^|- 


Z-3 


30 


\ $ 


Z-2. 
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(Z-2)-- 

















, r, in wni'rj of a c 
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(10.41) 



r 3 




1 + 4(Z 




if- 


[Z-3" 


30 




[z-2J 


4 



The positive root of Eq. (10.42) must be taken in order that r 3 >0. 



(10.42) 



THE IONIZATION ENERGIES OF THREE-ELECTRON ATOMS WITH A 
NUCLEAR CHARGE Z>3 

The energy stored in the electric field, E(electric), is 

E(electric) = - {Z ~ 2)e2 



(10.43) 



where r 3 is given by Eq. (10.42). The magnetic field of the outer electron 

changes the velocities of the inner electrons. However, the magnetic field 
of the outer electron provides a central Lorentzian field which balances 
the change in centrifugal force because of the change in velocity. Thus, 
the electric energy of the inner orbitsphere is unchanged upon ionization. 
The change in the velocities of the inner electrons upon ionization gives 
rise to a change in kinetic energies of the inner electrons. The change in 
velocity, Av, is given by Eq. (10.3) 

_ er s B 



2m. 



(10.44) 



Substitution of the flux, B 9 given by the product of n a and Eq. (1.120), 
into Eq. (10.43) is 




m e r\ 



(10.45) 



It is demonstrated in the One-Electron Atom section and the Two- 
Electron Atom section (at Eq. (7.14)) that the relativistic correction to Eq. 

(10.45) is — times the reciprocal of the term in brackets. In this case, Z 
corresponding to electron three is one; thus, one is substituted for the 
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term in brackets in Eq. (10.45). Thus, Eq. (10.45) becomes, 



Av = -J- 



(10.46) 



where is r, given by Eq. (7.19), and r, is given by Eq. (10.42). The change 
in kinetic energy, AE,, of the two inner shell electrons is given by 

The ionization energy is the sum of the electric energy, Eq. (10.43), and 
*e change Tn the kinetic energy, Eq. (10.47), of the inner electrons 

S E{Ionization) = E{Electric) + E T (10 - 4 ° ) 

The relativists correction to Eq. (10.48) is given by 1.) 
correcting the radius of the inner paired electrons r„ 2.) us ng the 
reTSally corrected r, to determine r 3 which is *en relaUvisUcaUy 
corrected. The relativistically corrected r, is given by dividing the radius 
given Eq. (7.19) by f of Eq. (1.250) 

-y/ ^+1) f 

(10.49) 




where the velocity is given by Eq. (1.56) with the radius _ given , by 
(7.19). Similarly, the relativistically corrected r, is given by dividing the 
radius given Eq. (10.41) by y of Eq. (1.250) 

W * m ■ — , _ 




-jqi+l+^z-shiojl 



, r t in units of a„ (10.50) 



2;rJl 



WWW] 



+ cos 



where r, is given by Eq. (10.49) and the velocity is given by Eq. (1.56) 
with the radius given by Eq. (10.42). The ionization energies are given 
by Eq. (10.48) wherein the relativistically corrected radii gmjj . by Bqj 
(10 49-10.50) are used in the sum of the electnc energy, Eq (10.43), and 
the change n the kinetic energy, Eq. (10.47), of the inner electrons. The 
ionization energies for several three-electron atoms are given in Table 

10:1. 



a 



r 
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3c 
Atom 



{a J 



r 3 

(a„) b 



Electric 

Energy 0 
(eV) 



(m/s) 



A£ r e 
(eV) 



Theoretical Experimental 
Ionization Ionization 

Energies f Energies 6 



Relative 
Error* 1 




U 
Be* 
B 2 * 
C 3+ 
N 4+ 
0 s * 
F 6 * 
Ne 1 * 
Na*+ 
Mg 9 * 

A/ ,0+ 

5 13+ 

C2 ,4+ 

Ar ,5+ 

Ca ,7+ 
Sc ,s+ 

Cr 2,+ 
Mn 22 * 

C<? 24+ 
Ni 25+ 
Cm 26 * 



8 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 



0.35566 2.55606 
0.26116 1.49849 
0.20670 1.07873 
0.17113 0.84603 

0.14605 0.69697 
0.12739 0.59299 
0.11297 0.51621 
0.10149 0.45713 
0.09213 0.41024 
0.08435 0.37210 

0.07778 0.34047 
0.07216 0.31381 
0.06730 0.29102 
0.06306 0.27132 
0.05932 0.25412 
0.05599 0.23897 



5.3230 
18.1594 

37.8383 

64.3278 

97.6067 

137.6655 

184.5001 

238.1085 

298.4906 

365.6469 

439.5790 
520.2888 
607.7792 
702.0535 
803.1 158 
910.9708 
1025.6241 



0.05302 0.22552 

0.05035 0.21350 1147.0819 

0.04794 0.20270 1275.3516 

0.04574 0.19293 1410.4414 

0.04374 0.18406 1552.3606 

0.04191 0.17596 1701.1197 

0.04022 0.16854 1856.7301 

0.03867 0.16172 2019.2050 

0.03723 0.15542 2188.5585 

0.03589 0.14959 2364.8065 

0.03465 0.14418 2547.9664 



1.6571E+04 
4.4346E+04 

7.4460E+04 
1.O580E+05 
1.3782E+05 
1.7026E+05 
2.0298E+05 
2.3589E+05 
2.6894E+05 
3.0210E+05 

3.3535E+05 

3.6868E+05 

4.0208E+05 

4.3554E+05 

4.6905E+05 

5.0262E+05 

5.3625E+05 

5.6993E+05 

6.0367E+05 

6.3748E+05 

6.7135E+05 

7.0530E+05 

7.3932E+05 

7.7342E+05 

8.0762E+05 

8.4191E+05 

8.7630E+05 



1.5613E-03 
I.1181E-02 

3.1523E-02 
6.3646E-02 
1.0800E-01 
1.6483E-01 

2.3425E-01 
3.1636E-OI 

4.1123E-01 

5.1890E-01 

6.3942E-01 

7.7284E-01 

9.1919E-01 

1 .0785E+O0 

1 .2509E+00 

1.4364E+00 

1.635OE+O0 

1.8468E+00 

2.O720E+O0 

2.3106E+00 

2.5626E+00 

2.8283E+00 

3.1077E+00 

3.401 1E+00 

3.7084E+00 

4.0300E+00 

4.3661E+00 



5.40381 
18.1706 

37.8701 
64.3921 
97.7160 
137.8330 

184.7390 
238.4325 
298.9137 
366.1836 

440.2439 
521.0973 
608.7469 
703.1966 

804.451 1 

912.5157 

1027.3967 

1149.1010 

1277.6367 

1413.0129 

1555.2398 

1704.3288 

1860.2926 

2023.1451 

2192.9020 

2369.5803 

2553.1987 



5.39172 
18.21116 
37.93064 
64.4939 
97.8902 
138.1197 

185.186 
239.0989 
299.864 
367.5 

442 
523.42 
611.74 
707.01 

809.4 

918.03 
1033.4 
1157.8 
1287.97 
1425.4 
1569.6 
1721.4 
1879.9 
2023 
2219 
2399.2 
2587.5 



0.00224 
0.00223 
0 00160 
0.00158 
0.00178 
0.00208 
0.00241 
0.00279 
0.00317 
0.00358 

0.00397 

0.00444 

0.00489 

0.00539 

0.00611 

0.00601 

0.00581 

0.00751 

0.00802 

0.00869 

0.00915 

0.00992 

0.01043 

-0.00007 

0.01176 

0.01235 

0.01326 



a Radius of the paired inner electrons of three-electron atoms from ^M 1 ^ 
b Radius of the unpaired outer electron of three-e.ectron ™V^J* J?^' 
c Electric energy of the outer electron of three-electron atoms from Eq (10.43). 
d Change in the velocity of .he paired inner e.ectrons due to the unpa.red outer electron of 

e^a" E IneTgfof 2£L inner electrons due to the unpaired outer e,ectron 

f ZJ^^J^^^^on atoms from Eq. (10.48) for Z>3andEq. 

g (1 From 5) theore«ca. calculations, interpolation of isoelectric and spectra, series, and 

experimental data [2-3]. 
h (F^ perimen taytheoretical^^expeprpentaL . 
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The agreement between the experimental and calculated values of 
Table 10.1 is well within the experimental capability of the spectroscopic 
determinations including the values at large Z which relies on X-ray 
spectroscopy. In this case, the experimental capability is three to four 
significant figures which is consistent with the last column. The lithium 
atom isoelectronic series is given in Table 10.1 [2-3] to much higher 
precision than the capability of X-ray spectroscopy, but these values are 
based on theoretical and interpolation techniques rather than data alone. 
Ionization energies are difficult to determine since the cut-off of the 
Rydberg series of lines at the ionization energy is often not observed, and 
the ionization energy must be determined from theoretical calculations, 
interpolation of Li isoelectronic and Rydberg series, as well as direct 
experimental data. 

FOUR-ELECTRON ATOMS 

Four-electron atoms can be solved exactly using the results of the 
solutions of one, two, and three-electron atoms. 

RADII OF THE OUTER ELECTRONS OF FOUR-ELECTRON ATOMS 

For each three-electron atom having a central charge of Z times 
that of the proton, there are two indistinguishable spin-paired electrons 
in an orbitsphere with radii r x and r 2 both given by Eq. (7.19): 



and an unpaired electron with a radius r 3 given by Eq. (10.42). For Z>4, 
the next electron which binds to form the corresponding four-electron 
atom becomes spin-paired with the outer electron such that they become 
indistinguishable with the same radius r 3 =r 4 . The corresponding spin- 
pairing force F is given by Eq. (7.15): 



The central forces given by Eq. (10.36) and Eq. (10.52) act on the 
outer electron to cause it to bind wherein the electric force on the outer- 
most electron due to the nucleus and the inner three electrons is given by 
Eq. (10.28) with the appropriate charge and radius: 




(10.51) 



Z-l Z(Z-l) 




(10.52) 




(10.53) 



1 
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for r>r 3 . 

In addition to the paramagnetic spin-pairing force between the 
third electron initially at radius r 3 , the pairing causes the diamagnetic 
interaction between the outer electrons and the inner electrons given by 
Eq. (10.11) to vanish, except for an electrodynamic effect for Z>4 
described in the Two-Electron Atoms section, since upon pairing the 
magnetic field of the outer electrons becomes zero. Therefore, the force 
F mag2 is in the same direction as the spin-pairing force and is given by 
substitution of Eq. (7.4) with the radius 



r 4 into Eq. (10.5): 



2*2 



F = 



_ heB ti 0 e h 
2m e r x 2mlr } r< 



3 J r 



(10.54) 



Then, from Eqs. (10.54) and (7.6-7.15), the diamagnetic force is given by 

1 h 2 



F_„.= 



V^+l)i r 



(10.55) 



Z m e r x r A 

The outward centrifugal force on electron 4 is balanced by the electric 



The radius of the outer 
centrifugal force to the 



force and the magnetic forces (on electron 4). 
electron is calculated by equating the outward 

sum of the electric (Eq. (10.53)), diamagnetic (Eqs. (10.11) and (10.35) for 
r 4 ), and paramagnetic (Eqs. (10.52) and (10.54)) forces as follows: 

Zwy 4 r x IZ - 2 J r A m r '~ - J 



r 4 



1 



Zm t r- 
(10.56) 



Substitution of v 4 = (Eq. (1.56) and s = - into Eq. (10156) gives: 



m e r 4 



m t r; 



(2 - 3)e 2 h 



2+ 



4^e o r 4 z 4m 9 rfr t V 4 Zm ( 



( 



(Z-3)g : 

47C£_ 



m <ry U)r; Lz-2jr> r 10 V4 



1- 



Zm,r 4 



2 A 




3 . 
(10.57) 



= 0 (10.58) 



The quadratic equation corresponding to Eq. (10.58) is 



( 



(Z-3)e : 

47E£ 



m e r,V4j 



1- 



I 
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1- 




3 
4 




(Z-3K 



47t£ 



o 



_fi_nj^_ III 



(Z - 3)e 
4^e„ 



= 0 (10.60) 



r 2 — 



1- 



3^1 




V 



(Z-3) (\ 



(z-3) (i ny; 



3 



=o 



(10.61) 



The solution of Eq. (10.61) using the quadratic formula is: 



1- 




3 
4 



3 



r 4 = r 3 = 







2 




f. # 






z 











+ 4 



[frfHf 



(Z - 3 >-(H)*i 



V 



j; fri unto a, 

(10.62) 

where r x is given by Eq. (10.51) and also Eq. (7.19). The positive root of 
Eq. (10.62) must be taken in order that r 4 >0. The final radius of electron 
4, r 4 , is given by Eq. (10.62); this is also the final radius of electron 3. The 
radii of several four-electron atoms are given in Table 10.2. 

ENERGIES OF THE BERYLLIUM ATOM 

The energy stored in the electric field, E(electric) y is given by Eq. 
(10.43) with the appropriate charge and radius: 

(10.63) 



E{electric) = - (Z 3)<? 

&7te o r A 



The ionization energy is given by the sum of the electric energy and the 
diamagnetic and paramagnetic energy terms. The magnetic energy, 
E(magnetic) 9 for an electron corresponding to a radius r n given by- Eq. (7.30) 
is 
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E(magnetic) = 2n ^ ^ (10.64) 

m e r n 

Since there is no source of dissipatiye power, J*E of Eq. (10.27), to 
compensate for any potential change in the magnetic moments, A/n, of the 
inner electrons due to the ionization of an outer electron of the beryllium 
atom, there is a diamagnetic energy term in the ionization energy for this 
atom that follows from the corresponding term for the lithium atom. This 
term is given by Eqs. (10.15-10.24) wherein r x is given by Eq. (10.51) 
with Z = 4 and r 3 =r 4 is given by Eq. (10.62). Thus, the change in magnetic 

energy of the inner orbitsphere is 5.144%, so that the corresponding 
energy AE^ is 

= 0.05 144 X 6.4229 1 eV = 0.33040 eV (10.65) 

where the magnetic energy of the inner electrons is 6.42291 eV. In 
addition, there is a paramagnetic energy term E(magnetic) corresponding 
to the ionization of a spin-paired electron from a neutral atom with a 
closed s-shell. The energy follows from that given for helium by Eqs. 
(7.28) and (7.30) wherein the electron radius for helium is replaced by 
the radius r 4 of Eq. (10.62). Then, the ionization energy of the beryllium 
atom is given by Eqs. (7.28), (7.30), (10.25), and (10.62-10.65): 

jrr ,* • » ^ (Z-3)g 2 , 2n/l 0 e 2 n 2 AT? 

E{ion\zation\ Be) = — + — £ -^-= — + AZT , _ ^ , , . 

%m o r 4 m)rl (10.66) 

= 8.9216 <?V + 0.03226 eV + 0.33040 eV = 9.28430 eV 
The experimental ionization energy of beryllium is 9.32263 eV [3]. 

THE IONIZATION ENERGIES OF FOUR-ELECTRON ATOMS WITH A 
NUCLEAR CHARGE Z>4 

The ionization energies for the four-electron atoms with Z>4 are 
given by the sum of the electric energy, E(electric) 9 given by Eq. (10.63) 
and the magnetic energies. The paramagnetic energy term corresponding 
to the ionization of a spin-paired electron from an atom with an external 
electric field is given by Eqs. (7.30) and (7.47) wherein the electron 
radius for helium is replaced by the radius r 4 of Eq. (10.62): 

Ionization Energy = —Electric Energy — — Magnetic Energy (10.67) 

Once the outer electrons of four-electron atoms with Z>4 become 
spin unpaired during ionization, the corresponding magnetic field changes 
the velocities of the inner electrons in the same manner as shown for the 
case of the outer electron of three-electron atoms with Z>3. The 
magnetic effect is calculated for the remaining electron 3 at the radius r 4 
corresponding to condition of the derivation of Eq. (10.67) that follows 
from Eqs. (7.30) and (7.47). Thus, change in velocity, Av, in the four- 
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electron-atom case is that of three-electron atoms given by Eq. (10.46) 
wherein the electron radius r 3 is replaced by the radius r 4 of Eq. (10.62). 

Since the velocities of electrons one and two decrease during 
ionization in the case of four-electron atoms rather than increase as in 
the case of three-electron atoms, the corresponding kinetic energy 
decreases and the kinetic energy term given by Eq. (10.47) is the 
opposite sign in Eq. (10.48). Thus, the ionization energies of four-electron 
atoms with Z>4 given by Eqs. (10.48) and (10.67) with the electric 
energy (Eq. (10.63)), the magnetic energy (Eq. (10.64)), and the change in 
the kinetic energy of the inner electrons (Eq. (10.47)) are 

E(Ionization) - -Electric Energy Magnetic Energy - E T (10.68) 

Z 

The ionization energies for several four-electron atoms are given in Table 
10.2. Since the radii, r 4 , are greater than 10% of ^ corresponding to a 

velocity of less than 1.5 X10 7 mis, the relativistic corrections are negligible 
and are not included in Table 10.2. 
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4e 


Z 


r \ 


r 3 


Electric 


Magnetic 


Av e 


AE T f 


Theoretical 


Experimental Relative 


Atntn 








energy v 


Energy u 


(m/s X 


(eV) 


ionization 


Ionization 

IVIIImIUUII 


brror 1 










(eV) 


(eV) 


10 ) 


Energies 6 


Energies n 




Be 




0.26116 


1.52503 








(eV) 


(eV) 




4 


8.9178 


0.03226 


0.4207 


0.0101 


9.28430 


9.32263 


0.0041 


B* 


5 


0.20670 


1.07930 


25.2016 


0.0910 


0.7434 


0.0314 


25.1627 


25.15484 


-0.0003 


C 2+ 


6 


0.171 13 


0.8431 7 


48.3886 


0. 1 909 


1.0688 


0.0650 


48.3125 


47.8878 


-0.0089 




7 


0.14605 


0.69385 


78.4029 


0.3425 


1.3969 


0.1109 


78.2765 


77.4735 


-0.0104 




8 


0.12739 


0.59020 


115.2148 


0.5565 


1.7269 


0.1696 


115.0249 


113.899 


-0.0099 




9 


0.11297 


0.51382 


158.8102 


0.8434 


2.0582 


0.2409 


158.5434 


157.1651 


-0.0088 


Ne 6+ 


10 


0.10149 


0.45511 


209.1813 


1.2138 


2.3904 


0.3249 


208.8243 


207.2759 


-0.0075 


Na 1 * 


1 1 


0.09213 


0.40853 


266.3233 


1.6781 


2.7233 


0.4217 


265.8628 


264.25 


-0.0061 


Mg 9 + 


12 


0.08435 


0.37065 


330.2335 


2.2469 


3.0567 


0.5312 


329.6559 


328.06 


-0.0049 


Al 9 * 


13 


0.07778 


0.33923 


400.9097 


2.9309 


3.3905 


0.6536 


400.2017 


398.75 


-0.0036 


Si ,0+ 


14 


0.07216 


0.31274 


478.3507 


3.7404 


3.7246 


0.7888 


477.4989 


476.36 


-0.0024 


pii+ 


15 


0.06730 


0.29010 


562.5555 


4.6861 


4.0589 


0.9367 


561.5464 


560.8 


-0.0013 




16 


0.06306 


0.27053 


653.5233 


5.7784 


4.3935 


1.0975 


652.3436 


652.2 


-0.0002 


a ,3+ 


17 


0.05932 


0.25344 


751.2537 


7.0280 


4.7281 


1.2710 


749.8899 


749.76 


-0.0002 


Ar H+ 


18 


0.05599 


0.23839 


855.7463 


8.4454 


5.0630 


1.4574 


854.1849 


854.77 


0.0007 




19 


0.05302 


0.22503 


967.0007 


10.0410 


5.3979 


1.6566 


965.2283 


968 


0.0029 


Ca' 6 * 


20 


0.05035 


0.21308 


1085.0167 


11.8255 


5.7329 


1.8687 


1083.0198 


1087 


0.0037 


Sc" + 


21 


0.04794 


0.20235 


1209.7940 


13.8094 


6.0680 


2.0935 


1207.5592 


1213 


0.0045 




22 


0.04574 


0.19264 


1341.3326 


16.0032 


6.4032 


2.3312 


1338.8465 


1346 


0.0053 


yl9+ 


23 


0.04374 


0.18383 


1479.6323 


18.4174 


6.7384 


2.5817 


1476.8813 


1486 


0.0061 


Cr 20 * 


24 


0.04191 


0.17579 


1624.6929 


21.0627 


7.0737 


2.8450 


1621.6637 


1634 


0.0075 


Mn 2,+ 


25 


0.04022 


0.16842 


1776.5144 


23.9495 


7.4091 


3.1211 


1773.1935 


1788 


0.0083 


Fe* 2 * 


26 


0.03867 


0.16165 


1935.0968 


27.0883 


7.7444 


3.4101 


1931.4707 


1950 


0.0095 


Co 73 * 


27 


0.03723 


0.15540 


2100.4398 


30.4898 


8,0798 


3.7118 


2096.4952 


2119 


0.0106 


M 24+ 


28 


0.03589 


0.14961 


2272.5436 


34.1644 


8.4153 


4.0264 


2268.2669 


2295 


0.0116 


Cu 25 * 


29 


0.03465 


0.14424 


2451.4080 


38.1228 


8.7508 


4.3539 


2446.7858 


2478 


0.0126 



a Radius of the paired inner electrons of four-electron atoms from Eq. (10.51). 

b Radius of the paired outer electrons of four-electron atoms from Eq. (10.62). 

c Electric energy of the outer electrons of four-electron atoms from Eq. (10.63). 

d Magnetic energy of the outer electrons of four-electron atoms upon unpairing from Eq. 
(7.30) and Eq. (10.64). 

e Change in the velocity of the paired inner electrons due to the unpaired outer electron of 
four-electron atoms during ionization from Eq. (10.46). 

' Change in the kinetic energy of the paired inner electrons due to the unpaired outer electron 
of four-electron atoms during ionization from Eq. (10.47). 

9 Calculated ionization energies of four-electron atoms from Eq. (10.68) for Z>4andEq. 
(10.66) for Be. 

h From theoretical calculations, interpolation of isoelectronic and spectral series, and 
experimental data [2-3]. 

LfExperimental-theoreticalVexperimental. 
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The agreement between the experimental and calculated values of 
Table 10.2 is well within the experimental capability of the spectroscopic 
determinations including the values at large Z which relies on X-ray 
spectroscopy. In this case, the experimental capability is three to four 
significant figures which is consistent with the last column. The 
beryllium atom isoelectronic series is given in Table 10.2 [2-3] to much 
higher precision than the capability of X-ray spectroscopy, but these 
values are based on theoretical and interpolation techniques rather than 
data alone. Ionization energies are difficult to determine since the cut-off 
of the Rydberg series of lines at the ionization energy is often not 
observed, and the ionization energy must be determined from theoretical 
calculations, interpolation of Be isoelectronic and Rydberg series, as well 
as direct experimental data. 

2P-ORBITAL ELECTRONS BASED ON AN ENERGY MINIMUM 

For each four-electron atom having a central charge of Z times that 
of the proton, there are two indistinguishable spin-paired electrons in an 
orbitsphere with radii r t and r 2 both given by Eq. (7.19) (Eq. (10.51)) and 
two indistinguishable spin-paired electrons in an orbitsphere with radii r 3 
and r 4 both given by Eq. (10.62). For Z>5, the next electron which binds 
to form the corresponding five-electron atom is attracted by the central 
Coulomb field and is repelled by diamagnetic force due to the spin-paired 
inner electrons such that it forms and unpaired orbitsphere at radius r 5 . 

The central Coulomb force, F ele , acts on the outer electron to cause it 
to bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner four electrons is given by Eq. (10.28) with the 
appropriate charge and radius: 

(Z-4)e 2 (10.69) 

F '*~ 4KB.* 

for r>r 4 . The same form of force equation also applies to six through ten- 
electron atoms as well as five-electron atoms: 

(Z-w)e 2 (10.70) 

for r>r n _, where n corresponds to the number of electrons of the atom 
and Z is its atomic number. In each case, the magnetic field of the 
binding outer electron changes the angular velocities of the inner 
electrons. However, in each case, the magnetic field of the outer electron 
provides a central Lorentzian force which exactly balances the change in 
centrifugal force because of the change in angular velocity [1]. The inner 
electrons remain at their initial radii, but cause a diamagnetic force 
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according to Lenz's law. 

The diamagnetic force, ¥ diamag netie , for the formation of an s orbital 

given by Eq. (10.11) with the appropriate radii is 

^diamagnetic = " T^TT ' ' ( 1 0 ' 7 1 ) 

However, with the formation of a third shell, a nonuniform 
distribution of charge is possible that achieves an energy minimum. 
Minimum energy configurations are given by solutions to Laplace's 
Equation. The general form of the solution (Eq. (11.1)) is 

= S iX-'^W'*) (10.72) 

t =0 m=-t 

As shown in the Excited States of the One-Electron Atom 
(Quantization) section, this general solution in the form of a wave- 
equation gives the functions of the resonant photons of excited states. 
From Eqs. (2.15-2.16): 

E W = f ^ 7 k [~ + ^o°(M + R*{Yrme^}]}(r - r m ) 

a> n =0 for m = 0 (10.73) 
n = 1,2,3,4,... 

A = 1,2,...,« — 1 

in — — A , — A +1,...,0,...,+ Jl 

E is the sum of the "trapped photon" and proton electric fields, 



E = — 

rtotal 4 



co n =0 for m = 0 (10.74) 

As shown in the Angular Function section and the Instability of Excited 
States section, the charge-density functions including the time-function 
factor are also solutions of Laplace's equation in the form of a wave- 
equation (Eqs. (1.48-1.49)): 

A = 0 

» 

p{r,e t <p,t) = ^[6{r-r n )lY°{d,<p)+Y?(e,<t>)] (10.75) 
i * 0 

p(r, 0, 4>,t) = J^prWr - r n )|l*(0, 0) + Re{Y?{0, 0)[l + «''"•« ]}] (10.76) 
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p(r,0,0,O = [S(r - rj][y o °(ff,0)+ Re{y-(0,^}] (10.77) 
where 

Re{Y e m {e^)[l + e ,<v ]} = Re[y, m (0,0) + YffrW] = /> m (cos0)cosm0 + /> m (cos0)cos(m0 + 

or Re{y^(0,0y a, -'} = P"(cos»)cos(m^ + cu» and to keep the form of the 

spherical harmonic as a traveling wave about the z-axis, G) n =m(o n . In the 

cases that m*0, Eq. (1.65) is a traveling charge-density wave that moves 
on the surface of the orbitsphere about the z-axis with frequency (o n and 

modulates the orbitsphere corresponding to X = 0. These functions 
comprise the well known s, p, d, f, etc. orbitals wherein the constant 
function Y£(0 9 <f>) corresponds to the spin function having spin angular 

momentum and the modulation function Re{y/"(0,0)e ,av } corresponds to the 

orbital function having orbital angular momentum as given in the 
Angular Function section and the Rotational Parameters of the Electron 
(Angular Momentum, Rotational Energy, Moment of Inertia) section. 

Similar to the phenomenon observed for spherical conductors [4-5], 
spherical harmonic charge-density waves may be induced in the inner 
electron orbitspheres with the addition of one or more outer electrons, 
each having an orbital quantum number £*0 as given by Eq. (10.77). 
With Z>5, an energy minimum is achieved when the fifth through tenth 
electrons of each five through ten-electron atom fills a p orbital with the 
formation of orthogonal complementary charge-density waves in the 
inner shell electrons. To maintain the symmetry of the central charge 
and the energy minimum condition given by solutions to Laplace's 
equation (Eq. (10.72)), the charge-density waves on electron orbitspheres 
at r x and r 3 complement those of the outer orbitals when the outer p 

orbitals are not all occupied by at least one electron, and the 
complementary charge-density waves are provided by electrons at r 3 

when this condition is met. Since the angular harmonic charge-density 
waves are nonradiative as shown in the Spacetime Fourier Transform of 
the Electron Function section and Appendix I: Nonradiation Based on the 
Electromagnetic Fields and the Poynting Power Vector, the time-averaged 
central field is inverse r-squared even though the central field is 
modulated by the concentric charge-density waves. The modulated 
central field maintains the spherical harmonic orbitals that maintain the 
spherical-harmonic phase according to Eq. (10.72). For £ = l and m = ±l, 
the spherical harmonics Y e m (0 9 $) given by Eqs. (1.66-1.67) are 

y |x =sin0cos0 (10.78) 
y |y = sin0sin0 (10.79) 
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wherein the x and y designation corresponds, respectively, to the 
historical p x and p y probability-density functions of quantum mechanics. 

The p x and p y charge-density waves rotate in the same direction such 

that their individual contributions to the diamagnetic force add, or they 
rotate in opposite directions such that their contributions cancel. In 
addition, for £=1 and m = 0, the spherical harmonic >7"(0,0) is 

}^=cos0 (10.80) 
wherein the z designation corresponds to the historical p t probability- 
density function of quantum mechanics. The demonstration that the 
modulated orbitsphere solutions are solutions of the wave equation 
appears in Box 1.1. 

As shown by Eq. (10.9), the diamagnetic force is dependent on the 
integral of the charge-density squared over the surface of the 
orbitsphere with the further constant of the in variance of charge under 
Gauss's integral law. The correction to the force due to a time and 
spatially-dependent spherical harmonic current-density wave is given by 
the normalization term for spherical harmonics given by Eq. (3.53) of 
Jackson [6] and Eq. (6-76) of McQuarrie [7]: 

(2* + 0(<-M)! (1 °' 81) 
Since the spin function is constant and the orbital function is a traveling 
wave, only the latter contributes to the diamagnetic and paramagnetic- 
force contributions of an unpaired electron. Substitution of Eq. (10.81) 
into Eq. (10.11) gives the contribution of each orbital to the diamagnetic 
force, F^^,^, which is summed over the orbitals: 



F 



- -? (2 < 1 < »-U 4k (l0 - 82) 

where the contributions from orbitals having |m|=l add positively or 
negatively. 

For each five-electron atom having a central charge of Z times that 
of the proton, there are two indistinguishable spin-paired electrons in an 
orbitsphere with radii /j and r 2 both given by Eq. (7.19) (Eq. (10.51)), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r 3 and 
r 4 both given by Eq. (10.62), and an unpaired electron is in an orbitsphere 
at r 5 given by Eq. (10.113). For Z>6, the next electron which binds to 

form the corresponding six-electron atom is attracted by the central 
Coulomb field and is repelled by diamagnetic force due to the spin-paired 
inner electrons. A paramagnetic spin-paring force to form a filled s 
orbital is also possible, but the force due to the spin-pairing of the 
electrons (Eq. (7.15) with the radius r 6 ) reduces the energy of the atom 
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less than that due to the alternative forces on two unpaired p electrons in 
an orbitsphere at the same radius r 6 . 

In general, a nonuniform distribution of charge achieves an energy 
minimum with the formation of a third shell due to the dependence of 
the magnetic forces on the nuclear charge and orbital energy (Eqs. 
(10.52), (10.55), and (10.93)). The outer electrons of atoms and ions that 
are isoelectronic with the series boron through neon half-fill a 2p level 
with unpaired electrons at nitrogen, then fill the level with paired 
electrons at neon. Thus, it is found that the purely postulated Hund's 
Rule and the Pauli Exclusion Principle of the assignment of unique 
quantum numbers to all electrons are not "weird spooky action" 
phenomena unique to quantum mechanics that require all electrons in 
the universe to have instantaneous communication and coordination with 
no basis in physical laws such as Maxwell's equations. Rather they are 
phenomenological consequences of those laws. 

Each outer 2p electron contributes spin as well as orbital angular 
momentum. The former gives rise to spin pairing to another 2p electron 
when an energy minimum is achieved. The corresponding force, F mog2J 

given by Eq. (10.52) is: 

F ™*2 = JZ^J*^ l r (10.83) 
Z m e r n r 3 

The orbital angular momenta of spin-paired electrons may add to double 
the spin-pairing force of each individual p electron such that the 
resultant force is four times that of Eq. (10.83) in agreement with the 
energy (and force) relationship of magnetic fields (Eq. (1.122)): 

F ^ 2 =^^^V^l)i r (10.84) 

Or, the orbital angular momenta of spin-paired electrons may add 
negatively to cancel such that F^ 2 due to the contribution from spin- 
pairing alone is equivalent to that given by Eq. (10.83). 
Since the electron velocity given by Eq. (1.47) is 

h (10.85) 



The scalar sum of the magnitude of the angular momentum of each 

infinitesimal point of the orbitsphere L. of mass m g must be constant. 
The constant is h. 

Xl L /l = El rX/w i v l = m < r « — = * (10.86) 



m e r n 



where the velocity is given by Eq. (1.47). The sum of the magnitude of 
the angular momentum of the electron is h in any inertial frame and is 
relativistically invariant. The vector projections of the orbitsphere spin 
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angular momentum relative to the Cartesian coordinates are given in the 
Spin Angular Momentum of the Orbitsphere with 1 = 0 section. The 
orbital and spin angular momentum of excited states is also quantized in 
units of ft as shown in the Orbital and Spin Splitting section. The orbital 
moment of inertia, I orbitai> corresponding to orbital quantum number t (Eq. 

(1.96)) is 

I , mr *f + j m mrfUl (10.87) 

The spin and orbital angular momentum can superimpose positively or 
negatively: 

L , = L +L ^ # (10.88) 

^Z total .tsptn ^z orbital x * 

Thus, the contribution of the orbital angular momentum to the 
paramagnetic force is also that given by Eq. (10.83): 

F ^=7-4-^n)i r (10.89) 

And, the total force is given as the sum over the orbital and spin angular 
momenta that may add positively or negatively to achieve an energy 
minimum while maintaining the conservation of angular momentum. 

The amplitude of the corresponding rotational energy, E nMlbmagtMaa9 

given by Eqs. (1.95-1.96) is 

_ ft 2 r ki+i) i h 2 rr 

Rotational " ^2 [ £ 2 +2 ^+lJ " 2mrf V t + 1 1 ' 

Since the orbital rotational energy arises from a spin function (spin 
angular momentum) modulated by a spherical harmonic angular function 
(orbital angular momentum), the time-averaged orbital rotational energy 
having an amplitude given by Eq. (1.95) (Eq. (10.90)) is zero: 

(Erotational orbital ) = 0 (10.91) 

However, the orbital energy is nonzero in the presence of a magnetic 
field. 

N-electron atoms having Z>n possess an electric field of 
E= (Z-n)e (10.92) 
Anejr 

for r>/;. Since there is a source of dissipative, J»E of Eq. (10.27), the 

magnetic moments of the inner electrons may change due to the outer 
electron such that the energy of the n-electron atom is lowered. The 
diamagnetic force, F diamagnetic2 , due to a relativistic effect with an electric 

field for r>r n (Eq. (10.35)) is dependent on the amplitude of the orbital 

energy. Using the orbital energy with £ = l (Eq. (10.90)), the energy m e Av 2 
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of Eq. (10.29) is reduced by the factor of due to the contribution 

of the charge-density wave of the inner electrons at r r Thus, F^j^ lfc2 is 
given by 

F„ =-[^^1,-^)^,0^,, (,0.93) 

Using the forces given by Eqs. (10.70), (10.82-10.84), (10.89), 
(10.93), and the radii r 3 given by Eq. (10.62), the radii of the 2p electrons 

of all five through ten-electron atoms may be solved exactly. The electric 
energy given by Eq. (10.102) gives the corresponding exact ionization 
energies. ¥ ele and F diamogaelie2 given by Eqs. (10.70) and (10.93), respectively, 

are of the same form for all atoms with the appropriate nuclear charges 
and atomic radii. F diamagnetic given by Eq. (10.82) and F^ given by Eqs. 

(10.83-10.84) and (10.89) are of the same form with the appropriate 
factors that depend on the minimum-energy electron configuration. The 
general equation and the summary of the parameters that determine the 
exact radii and ionization energies of all five through ten-electron atoms 
are given the General Equation For The Ionization Energies of Five 
Through Ten-Electron Atoms section and in Table 10.9. 

FIVE-ELECTRON ATOMS 

Five-electron atoms can be solved exactly using the results of the 
solutions of one, two, three, and four-electron atoms. 

RADIUS AND IONIZATION ENERGY OF THE OUTER ELECTRON OF 
THE BORON ATOM 

For each four-electron atom having a central charge of Z times that 
of the proton, there are two indistinguishable spin-paired electrons in an 
orbitsphere with radii r } and r 2 both given by Eq. (7.19) (Eq. (10.51)) and 
two indistinguishable spin-paired electrons in an orbitsphere with radii r 3 
and r 4 both given by Eq. (10.62). For Z>5, the next electron which binds 
to form the corresponding five-electron atom is attracted by the central 
Coulomb field and is repelled by diamagnetic force due to the spin-paired 
inner electrons such that it forms and unpaired orbitsphere at radius r 5 . 

The resulting electron configuration is ls 2 2s 2 2p\ and the orbital 

arrangement is 
2p state 

JT (10.94) 

10 -1 

corresponding to the ground state 2 fJ° 2 . 
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The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner four electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 
„ (Z-4)e\ 

F <" = ^T' < 10 - 95 > 



for r>r 4 . 

The single p orbital of the boron atom produces a diamagnetic force 
equivalent to that of the formation of an s orbital due to the induction of 
complementary and spherically symmetrical charge-density waves on 
electron orbitspheres at r x and r 3 in order to achieve a solution of 
Laplace's equation (Eq. (10.72)). The inner electrons remain at their 
initial radii, but cause a diamagnetic force according to Lenz's law that is 
two times that of Eqs. (10.11) and (10.71) since the two electrons at /;=r 2 
act on the two electrons at r 3 = r 4 which in turn act of the outer electron. 
Vdiamagnetic is a, s° given by Eq. (10.82) with the appropriate radii when the 

contributions from the three orthogonal spherical harmonics are summed 
over including those induced: 

2h 2 

^diamagnetic = " " 2 V^+Q'r ( 10.96) 

The charge induction forms complementary mirror charge-density 
waves which must have opposing angular momenta such that momentum 
is conserved. In this case, given by Eq. (10.89) is zero: 

F m*,2=<> (10.97) 

The outward centrifugal force on electron 5 is balanced by the 
electric force and the magnetic force (on electron 5). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.95)) and diamagnetic (Eq. (10.96)) forces 
as follows: 



+ 0 (10.98) 



Substitution of v 5 =— (Eq. (1.56)) and^ = - into Eq. (10.98) gives: 

m e r 5 2 



h 2 = (Z-4)g 2 * 2 
m e r s 4ne o r? 2m e r*r 3 1 4 

/ 5=7 p^v r 2 inunitsofa 0 (10.100) 



3 2m.rfr.V4 (10.99) 
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Substitution of -^- = 1.07930 (Eq. (10.62) with Z = 5) into Eq. (10.100) gives 

a o 

r 5 =l. 6700035 la 0 (10.101) 
In general, the energy stored in the electric field, E(electric)> is given 
by Eq. (10.43) with the appropriate charge and radius: 

E{electric) = - (gz^zl»L (10.102) 

where n corresponds to the number of electrons of the atom and Z is its 
atomic number. The ionization energy- is given by the sum of the electric 
energy and the energy corresponding to the change in magnetic-moments 
of the inner shell electrons. Since there is no source of dissipative power, 
J»E of Eq. (10.27), to compensate for any potential change in the 
magnetic moments, Am, of the inner electrons due to the ionization of the 
outer electron of the boron atom, there is a diamagnetic energy term in 
the ionization energy for this atom that follows from the corresponding 
term for the lithium atom. Since the diamagnetic force for the boron 
atom (Eq. (10.96)) is twice that of the corresponding force (Eq. (10.11)) of 
the lithium atom, this term is given by twice that of Eqs. (10.15-10.24), 
with Z = 5, r 3 given by Eq. (10.62), and r 5 given by Eq. (10.101). Thus, the 

change in magnetic energy of the inner orbitsphere at r 3 is 85.429321 %, so 
that the corresponding energy AE^ is 

AE*^ =2(0.85429321 x 0.09100214 eV)= 0.15548501 eV ( 1 0. 103) 

where the magnetic energy of the inner electrons is 0.09100214 eV (Eqs. 

(10.64) and (10.101)). Then, the ionization energy of the boron atom is 
given by Eqs. (10.101-10.102) and (10.103): 

Edonization; B) = i^L^L + a£ 

%ne 0 r 5 * (10.104) 

= 8.147170901 eV + 0.15548501 eV = 8.30265592 eV 
The experimental ionization energy of the boron atom is 8.29803 eV [3]. 

THE IONIZATION ENERGIES OF FIVE-ELECTRON ATOMS WITH A 
NUCLEAR CHARGE Z>5 

Five-electron atoms having Z>5 possess an external electric field 
given by Eq. (10.92). In this case, an energy minimum is achieved with 
conservation of momentum when the orbital angular momentum is such 
that f diamagnetic is minimized while .F mog2 is maximized. From Eq. (10.82), the 

diamagnetic force, F diamagnetie j is given by the sum of the contributions from 

the p xy p y> and p t orbitals corresponding to m = 1, -1, and 0, respectively: 

F — -(! *\ + i)4^k^»'- Hik^^^' (lol05) 
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With Z>5, the charge induction forms complementary mirror 
charge-density waves such that the angular momenta do not cancel. 
From Eq. (10.89), corresponding to the orbital angular momentum of 

the single p x electron is 

F mfl , 2 = ^-^V^n)i r (10.106) 

Z m e r 5 r 3 

The second diamagnetic force, V dhmagnetic2 , due to the binding of the p- 

orbital electron having an electric field outside of its radius is given by 
Eq. (10.93): 

F w ,, c 2 = -[fr^l 1 ~ ( 1 0. 1 07) 

In the case that Z>5, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.95)) and diamagnetic (Eqs. (10.105) and (10.107)), and paramagnetic 
(Eq. (10.106)) forces as follows: 



m e v\ = (Z - 4)e 2 5h 

r 5 47Z£ 0 r* 1 2m 



e r 5 r 3 Zm e r 5 r 3 LZ-4J^ 2 Jrfm, 



(10.108) 

ft 1 

Substitution of v 5 = (Eq. (1.56)) and 5 = — into Eq. (10.108) gives: 



m e r s 



= (Z- 4)g 2 5ft 2 13 



ZmrfrjA \_Z-4\ 2 Jr/m, A/4 

(10.109) 



The quadratic equation corresponding to Eq. (10.109) is 

f (Z-4)e 2 (5 lW fi\ 2 h 2 rZ-5Y VTUft'/T n 



(10.110) 



f (Z-4) e 2 (5 l\ti 2 ft} 5 f (Z-4)e 2 (5 l\ h 2 ff\ 
I Ane a U2 Z)m e r^A) \ Ane 0 \\2 Z)m e r^A) 

(10.111) 

The solution of Eq. (10.111) using the quadratic formula is: 
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(Z-4)e 2 (5 l)ft 2 13] 
4to o ll2 Zjm e r 3 i4) 



m. 



( 2 ~ 4)e : 
4tt£ 



U2 Z)m t r^4) ) 



+4 



r,10j- 



f (Z-4)e 2 f 5 n ft 2 



(10.1 12) 



±<*o 





r 5 = 



(10.113) 



^ in units of a 0 

where r 3 is given by Eq. (10.62). The positive root of Eq. (10.113) must be 

taken in order that r 5 >0. The radii of several five-electron atoms are 

given in Table 10.3. 

The ionization energies for the five-electron atoms with Z>5 are 
given by the electric energy, E(electric) y (Eq. (10.102) with the radii, r 5 , 

given by Eq. (10.113)): 



(Z - 4)e 2 

E(Ionizatiori) — —Electric Energy = - — — — 



Sfte o r 5 



(10.114) 



Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured five-electron atoms are given in 
Table 10.3. 
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Table 10.3. Ionization energies for some five-electron atoms, 
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5e 



Atom 




\ a 0 ) 




(<V C 


B 


5 


020670 


1 .07930 


1.67000 


cr 


6 


0.17113 


0.84317 


1.12092 


N 2 * 


7 


0.14605 


0.69385 


0.87858 


&* 


8 


0.12739 


0.59020 


0.71784 


F** 


9 


0.11297 


0.51382 


0.60636 


Ne 5+ 


10 


0.10149 


0.455 1 1 


0.52486 


Na 6 + 


11 


0.09213 


0.40853 


0.46272 


Mg 1 * 


12 


0.08435 


0.37065 


0.41379 




13 


0.07778 


0.33923 


0.37425 


Si 9 * 


14 


0.07216 


0.31274 


0.34164 


pto+ 


15 


0.06730 


0.29010 


0.31427 


s" + 


16 


0.06306 


0.27053 


0.29097 


Cl n * 


17 


0.05932 


0.25344 


0.27090 


Ar n * 


18 


0.05599 


0.23839 


0.25343 


k"* 


19 


0.05302 


0.22503 


0.23808 


Ca ]5 * 


20 


0.05035 


0.21308 


0.22448 


Sc 16 * 


21 


0.04794 


0.20235 


0.21236 


Ti n * 


22 


0.04574 


6.19264 


0.20148 




23 


0.04374 


0. 1 8383 


0.19167 


Cr' 9 * 


24 


0.04191 


0.17579 


0.18277 




25 


0.04022 


0.16842 


0.17466 


Fe 2,+ 


26 


0.03867 


0.16165 


0.16724 


Co 22 * 


27 


0.03723 


0.15540 


0.16042 


Ni 23 * 


28 


0.03589 


0.14961 


0.15414 


Cu 2A * 


29 


0.03465 


0.14424 


0.14833 



Theoretical 
Ionization 

Energies d 

(eV) 
8.30266 
24.2762 

46.4585 

75.8154 

112.1922 

155.5373 

205.8266 

263.0469 

327.1901 

398.2509 

476.2258 

561.1123 

652.9086 

751.6132 

857.2251 

969.7435 

1089.1678 

1215.4975 

1348.7321 

1488.8713 

1635.9148 

1789.8624 

1950.7139 

2118.4690 

2293.1278 



Experimental 
Ionization 

Energies e 

(eV) 
8.29803 
24.38332 

47.44924 
77.41353 
114.2428 
157.93 
208.5 
265.96 

330.13 
401.37 
479.46 
564.44 
656.71 
755.74 

861.1 

974 

1094 

1221 

1355 

1496 

1644 

1799 

1962 

2131 

2308 



Relative 
Error f 



•0.00056 
0.0044 

0.0209 
0.0206 
0.0179 
0.0152 
0.0128 
0.0110 

0.0089 
0.0078 
0.0067 
0.0059 
0.0058 
0.0055 
0.0045 
0.0044 
0.0044 
0.0045 
0.0046 
0.0048 
0.0049 
0.0051 
0.0058 
0.0059 
0.0064 



a Radius of the first set of paired inner electrons of five-electron atoms from Eq. (10.51). 

b Radius of the second set of paired inner electrons of five-electron atoms from Eq. (10.62). 

c Radius of the outer electron of five-electron atoms from Eq. (10.113) for Z>5 and Eq. 
(10.101) for B. 

d Calculated ionization energies of five-electron atoms given by the electric energy (Eq. 
(10.114)) for Z>5 and Eq. (10.104) for B. 

e From theoretical calculations, interpolation of isoelectronic and spectral series, and 

experimental data [2-3]. 
f fExperimental-theoreticaO/experimental. 



The agreement between the experimental and calculated values of 
Table 10.3 is well within the experimental capability of the spectroscopic 
determinations including the values at large Z which relies on X-ray 
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spectroscopy. In this case, the experimental capability is three to four 
significant figures which is consistent with the last column. The boron 
atom isoelectronic series is given in Table 10.3 [2-3] to much higher 
precision than the capability of X-ray spectroscopy, but these values are 
based on theoretical and interpolation techniques rather than data alone. 
Ionization energies are difficult to determine since the cut-off of the 
Rydberg series of lines at the ionization energy is often not observed, and 
the ionization energy must be determined from theoretical calculations, 
interpolation of B isoelectronic and Rydberg series, as well as direct 
experimental data. 

SIX-ELECTRON ATOMS 

Six-electron atoms can be solved exactly using the results of the 
solutions of one, two, three, four, and five-electron atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 
THE CARBON ATOM 

For each five-electron atom having a central charge of Z times that 
of the proton, there are two indistinguishable spin-paired electrons in an 
orbitsphere with radii /; and r 2 both given by Eq. (7.19) (Eq. (10.51)), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r 3 and 
r 4 both given by Eq. (10.62), and an unpaired electron is in an orbitsphere 
at r 5 given by Eq. (10.113). For Z>6, the next electron which binds to 

form the corresponding six-electron atom is attracted by the central 
Coulomb field and is repelled by diamagnetic force due to the spin-paired 
inner electrons. A paramagnetic spin-paring force to form a filled s 
orbital is also possible, but the force due to the spin-pairing of the 
electrons (Eq. (7.15) with the radius r 6 ) reduces the energy of the atom 
less than that due to the alternative forces on two unpaired p electrons in 
an orbitsphere at the same radius r 6 . The resulting electron configuration 

is \s 2 2s 2 2p 2 , and the orbital arrangement is 
2p state 

_I T (10.115) 

1 0 -1 
corresponding to the ground state *P 0 . 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner five electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 

(10.116) 
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F 

diamagnetic 



for r>r 5 . 

The two orthogonal electrons form charge-density waves such that 
the total angular momentum of the two outer electrons is conserved 
which determines the diamagnetic force according to Eq. (10.82). ^diamagnetic 
is 

fc -^l)r^^^' (io.ii7) 

corresponding to w = l. 

The charge induction forms complementary mirror charge-density 
waves which must have opposing angular momenta such that momentum 
is conserved. In this case, F mag7 given by Eq. (10.89) is zero: 

F^2=0 (10.118) 

The outward centrifugal force on electron 6 is balanced by the 
electric force and the magnetic forces (on electron 6). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.116)) and diamagnetic (Eq. (10.117)) 
forces as follows: 

m& _ (Z - 5)e 2 _ ^L_^— ^ (10.119) 

ft 1 

Substitution of v 6 = (Eq. (1.56)) and j = - into Eq. (10.119) gives: 



(Z-5)e .. (10.120) 




m t rl 4xe o rZ 6m/ 6 2 r 3 A/ 4 

r 6 = j °° v r 3 in units ofa 0 (10.121) 



(Z-5)- 



3 
4 



6r 3 



Substitution of - 2 - = 0.84317 (Eq. (10.62) with Z = 6) into Eq. (10.121) gives 

a 0 

r 6 » 1.20654^ (10.122) 

The ionization energy of the carbon atom is given by the electric 
energy, E(electric), (Eq. (10.102) with the radius, r 6 , given by Eq. (10.122)): 

Eiionization; O = -Electric Energy = (Z )g = 1 1 .2767 1 e V (10.123) 

where r 6 = 1.20654a„ (Eq. (10.122)) and Z=6. The experimental ionization 
energy of the carbon atom is 1 1.2603 eV [3]. 

THE IONIZATION ENERGIES OF SIX-ELECTRON ATOMS WITH A 
NUCLEAR CHARGE Z>6 



468 



© 2003 by BlackLight Power, Inc. All rights reserved. 

Six-electron atoms having Z>6 possess an external electric field 
given by Eq. (10.92). In this case, an energy minimum is achieved with 
conservation of momentum when the orbital angular momentum is such 
that F diamognetic is minimized while F mag2 is maximized. From Eq. (10.82), the 

diamagnetic force, F diamagnetic9 is given by the sum of the contributions from 

the P x > P y > and p z orbitals corresponding to m = 1, -1, and 0, respectively: 

~(f+§* «m - jgjzaz&F*. < 1 ° ■ 1 24 > 

With Z>6, the charge induction forms complementary mirror 
charge-density waves such that the angular momenta do not cancel. 
From Eq. (10.89), corresponding to the orbital angular momentum of 

the two p electrons in addition to complementary charge-density waves 
is 

¥ >~» 2 = 2 J^7^ T ^' = i^rS:^ 1 * (10.125) 
The second diamagnetic force, V dbmapieljc29 due to the binding of the p- 

orbital electron having an electric field outside of its radius is given by 
Eq. (10.93): 

F,«c 2 = -[frfl 1 " ^j^ 10 ^^^ (10.126) 

In the case that Z>6, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.116)), diamagnetic (Eqs. (10.124) and (10.126)), and paramagnetic 
(Eq. (10.125)) forces as follows: 

m e vl _ (Z-5)g 2 5ft 2 



2 Jm e r* 



(10.127) 

ft 1 
Substitution of v 6 = (Eq. (1.56)) and s = — into Eq. (10.127) gives: 

m t r 6 2 
ft 2 ^ (Z-5)e 2 5ft 2 [3 t Ah 2 fj [ Z-6 Y 1 VT) r 3 ft 2 ff 

(10.128) 

The quadratic equation corresponding to Eq. (10.128) is 



r (Z-5)e 2 (5 4\ ft* f3\ 2 _X_ r _ [Z-6T 1 _ V| W 
t 4«£ 0 \12 zJm,r 3 V4j* m, 6 Lz-5j( 2 J m ( 



io./2-o 



(10.129) 
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r 6 ~ 



m. 



ft] 

m. 



I 



(2 - 5)e' 
4ne. 



— Pi 

m t r 3 V 4 ) 



r 6~ 
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(Z-5)e 
4«£_ 



— Z 5 ! 

"Vj V4j 



= 0 



The solution of Eq. (10.130) using the quadratic formula is: 



(10.130) 



m e + 


\ # y 


{{ 4ne 0 U2 z)m t r 3 y4)j 

f(Z-5)e 2 (5 4^| ft 2 f3\ 
[ 47te 0 \\2 z)m e r 3 \4) 


f(Z-5)e 2 (5 4\h 2 fjy 
{ 4ne o ll2 Z)m e r 3 i4) ^ 



(10.131) 



1 



^6 = 



H -GH)f) 



V2 




(10.132) 



^ in units ofa 0 

where r, is given by Eq. (10.62). The positive root of Eq. (10.132) must be 
taken in order that r 6 >0. The final radius of electron 6, r 6 , is given by Eq. 

(10.132); this is also the final radius of electron 5. The radii of several 
six-electron atoms are given in Table 10.4. 

The ionization energies for the six-electron atoms with Z>6 are 
given by the electric energy, E(electric), (Eq. (10.102) with the radii r s , 
given by Eq. (10.132)): 

E(Ionization) = -Electric Energy = ( Z ~ 5 ) g (10.133) 

% 7C£ o r 6 

Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured six-electron atoms are given in 
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Table 10.4. 



Table 10.4. Ionization energies for some six-electron atoms. 



o c 


y 


Atom 

M M\ V MM M 




c 


6 


N* 


7 


<?+ 


8 


F 3 * 


9 


Ne A * 


10 


Na 5 * 


11 


Mg 6 * 


12 


Af + 


13 


Si*+ 


14 


P 9 * 


15 


s I0+ 


16 


C/" + 


17 


Ar ,2+ 


18 




19 


Ca"+ 


20 


Sc' 5 * 


21 


r; ,6+ 


22 




23 


Cr ,8+ 


24 


Mn l9 + 


25 


Fe*» 


26 


Co 21 * 


27 


Ni 22 * 


28 


Cu 23 * 


29 



0.17113 
0.14605 

0.12739 
0.11297 
0.10149 
0.09213 
0.08435 

0.07778 
0.07216 
0.06730 
0.06306 
0.05932 

0.05599 
0.05302 
0.05035 
0.04794 
0.04574 
0.04374 
0.04191 
0.04022 
0.03867 
0.03723 
0.03589 
0.03465 




0.84317 
0.69385 

0.59020 
0.51382 
0.455 1 1 
0.40853 
0.37065 

0.33923 
0.31274 
0.29010 
0.27053 
0.25344 

0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
.0.16842 
0.16165 
0.15540 
0.14961 
0. 14424 




1 .20654 
0.901 19 

0.74776 
0.63032 
0.54337 
0.47720 
0.42534 

0.38365 
0.34942 
0.32081 
0.29654 
0.27570 
0.25760 
0.24174 
0.22772 
0.21524 
0.20407 
0.19400 
0.18487 
0.17657 
0.16899 
0.16203 
0.15562 
0.14970 



Theoretical 
Ionization 

Energies d 

(eV) 
11.27671 
30.1950 

54.5863 

86.3423 

125.1986 

171.0695 

223.9147 

283.7121 

350.4480 

424. 1 1 35 

504.7024 

592.2103 

686.6340 

787.9710 

896.2196 

1011.3782 

1133.4456 

1262.4210 

1398.3036 

1541.0927 

1690.7878 

1847.3885 

2010.8944 

2181.3053 



Experimental 
Ionization 

Energies e 

(eV) 
1 1 .2603 
29.6013 

54.9355 
87.1398 
126.21 
172.18 
225.02 

284.66 
351.12 
424.4 
504.8 
591.99 
686.1 
786.6 
894.5 

1009 

1131 

1260 

1396 

1539 

1689 

1846 
2011 
2182 



Relative 
Error ' 

-0.0015 
-0.0201 
0.0064 
0.0092 
0.0080 
0.0064 
0.0049 

0.0033 

0.0019 

0.0007 

0.0002 

-0.0004 

-0.0008 

-0.0017 

-0.0019 

-0.0024 

-0.0022 

-0.0019 

-0.0017 

-0.0014 

-0.0011 

-0.0008 

0.0001 

0.0003 



a Radius of the first set of paired inner electrons of six-electron atoms from Eq. (10.51). 
D Radius of the second set of paired inner electrons of six-electron atoms from Eq. (10.62). 
c Radius of the two unpaired outer electrons of six-electron atoms from Eq. (10.132) for 
Z>6 and Eq. (10.122) for C. 

d Calculated ionization energies of six-electron atoms given by the electric energy (Eq. 
(10.133)). 

e From theoretical calculations, interpolation of isoelectronic and spectral series, and 
experimental data [2-3]. 

* fExDerimentai-theoreticalVexperimental. 

The agreement between the experimental and calculated values of 
Table 10.4 is well within the experimental capability of the spectroscopic 
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determinations including the values at large Z which relies on X-ray 
spectroscopy. In this case, the experimental capability is three to four 
significant figures which is consistent with the last column. The carbon 
atom isoelectronic series is given in Table 10.4 [2-3] to much higher 
precision than the capability of X-ray spectroscopy, but these values are 
based on theoretical and interpolation techniques rather than data alone. 
Ionization energies are difficult to determine since the cut-off of the 
Rydberg series of lines at the ionization energy is often not observed, and 
the ionization energy must be determined from theoretical calculations, 
interpolation of C isoelectronic and Rydberg series, as well as direct 
experimental data. 

SEVEN-ELECTRON ATOMS 

Seven-electron atoms can be solved exactly using the results of the 
solutions of one, two, three, four, five, and six-electron atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 
THE NITROGEN ATOM 

For each six-electron atom having a central charge of Z times that 
of the proton, there are two indistinguishable spin-paired electrons in an 
orbitsphere with radii r { and r 2 both given by Eq. (7.19) (Eq. (10.51)), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r 3 and 
r 4 both given by Eq. (10.62), and two unpaired electrons is in an 
orbitsphere at r 6 given by Eq. (10.132). For Z>7, the next electron which 

binds to form the corresponding seven-electron atom is attracted by the 
central Coulomb field and is repelled by diamagnetic force due to the 
spin-paired inner electrons. A paramagnetic spin-paring force is also 
possible, but the force due to the spin-pairing of the electrons (Eq. (7.15) 
with the radius r 7 ) reduces the energy of the atom less than that due to 

the alternative forces on three unpaired p electrons in an orbitsphere at 
the same radius r 7 . The resulting electron configuration is ls 2 2s 2 2p 3 , and 

the orbital arrangement is 
2p state 

JT t T_ (10.134) 

1 0 -1 
corresponding to the ground state 4 S£ /2 . 

The central Coulomb force acts on the outer electron- to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner six electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 
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F rf ,=*f£^i r (10.135) 



for r>r 6 



The energy is minimized with conservation of angular momentum 
when the angular momenta of the two orthogonal p x and p y electrons 

cancel such that the diamagnetic force (Eq. (10.82)), F^^^, is 



F 

diamagnetic 



= -f^T-^V^FM)!, (10.136) 

corresponding to m-0. 

From Eq. (10.89), F mag2 corresponding to the orbital angular 

momentum of the p z electron is 



1 h 



2 



F^ 2 = ^-^V^^+T)i, (10.137) 

The outward centrifugal force on electron 7 is balanced by the 
electric force and the magnetic forces (on electron 7). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.135)), diamagnetic (Eq. (10.136)), and 
paramagnetic (Eq. (10.137)) forces as follows: 

^ =1 !^-T^^^ + ^^ n > (10138) 

h 1 
Substitution of v 7 = (Eq. (1.56)) and j = - into Eq. (10.138) gives: 

m e r 7 2 
(Z-6)e> # 1 + (10.139) 



m e r 7 4^e o r 7 12m,r, r 3 y 4 Zm e r.,r 3 ^4 

*! 
m 



r, = » 



7 (Z-6)e 2 h 2 {J ti 




(10.140) 



4ne o \2m t r 3 V4 Zm e r 3 \4 



r 7 = 2 j=-> r 3 in units of a 0 (10.141) 

4 

Substitution of -^- = 0.69385 (Eq. (10.62) with Z = 7) into Eq. (10.141) gives 

r 7 =0.93084a 0 (10.142) 

The ionization energy of the nitrogen atom is given by the electric 
energy, Eielectric), (Eq. (10.102) with the radius, r 7 , given by Eq. (10.142)): 

E(ionization\ N) = -Electric Energy = (Z - 6)e = 14.61664 eV (10.143) 



F 

diamagnetic 
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where r 7 =0.93084a 0 (Eq. (10.142)) and Z = 7. The experimental ionization 
energy of the nitrogen atom is 14.53414 eV [3]. 

THE IONIZATION ENERGIES OF SEVEN-ELECTRON ATOMS WITH A 
NUCLEAR CHARGE Z>7 

Seven-electron atoms having Z>7 possess an external electric field 
given by Eq. (10.92). In this case, an energy minimum is achieved with 
conservation of momentum when the orbital angular momentum is such 

^ *^ ^diamagnetic 

is minimized while F mg2 is maximized. From Eq. (10.82), the 

diamagnetic force, F^^ , is given by the sum of the contributions from 

the P x > P y > and P l orbitals corresponding to m = 1, -1, and 0, respectively: 

With Z>6, the charge induction forms complementary mirror 
charge-density waves such that the angular momenta do not cancel. 
From Eq. (10.89), F TO<2 corresponding to the orbital angular momentum of 
the three p electrons in addition complementary Charge-density waves is 

F ma<2 = 2 7-7727 -fit* + U'r (10.145) 

The second diamagnetic force, F dhmagnaic2 , due to the binding of the p- 

orbital electron having an electric field outside of its radius is given bv 
Eq. (10.93): 

Fw^nc 2 = ^ --y-j—jlOV^J + l)i r (10.1 46) 

In the case that Z>7, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.135)), diamagnetic (Eqs. (10.10.144) and (10.146)), and paramagnetic 
(Eq. (10.145)) forces as follows: 

m e vl (Z-6)e 2 5h 2 , 6ft 2 , f~Z-7Y Jo} rti 2 

r 7 4jte o r 7 12m e r 7 r 3 Zm r r 7 r 3 LZ-6j^ 2 )m e r 7 ^ ' 

(10.147) 

Substitution of v 7 = (Eq. (1.56)) and s = \ into Eq. (10.147) gives: 



h 2 _ (Z-6)e 2 5h 2 [3 [ 6ti 
mrf 47ie 0 r 7 2 12m < r 7 2 r 3 V4 Zm, 



(10.148) 

The quadratic equation corresponding to Eq. (10.148) is 
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h 

m 



(10.149) 



rJ0j| 



7 f (Z-6)e 2 (5 6\h 2 fj) 7 f (Z-6)e 2 (5 6\ h 2 [J) 
[ 4ne o V12 Zjm t r 3 l4) { 4ne e [\2 z)m t r^4) 

The solution of Eq. (10.150) using the quadratic formula is: 



= 0 



(10.150) 



m. 



(Z-6)e" 
4ne_ 



U2 Z)m e r^4) 



m. 



(Z - 6)<?' 



4/ce 
h 



+4 



{ 



(Z - 6)e" 



U2 Z)m e r^4) 



(10.151) 



±*0 



1 



r i = 



(10.152) 



r 3 in units of 

where r 3 is given by Eq. (10.62). The positive root of Eq. (10.152) must be 
taken in order that r 7 >0. The final radius of electron 7, r 7 , is given by Eq. 
(10.152); this is also the final radius of electrons 5 and 6. The radii of 
several seven-electron atoms are given in Table 10.5. 

The ionization energies for the seven-electron atoms with Z>7 are 
given by the electric energy, E(electric) y (Eq. (10.102) with the radii, r 7 , 
given by Eq. (10.152)): 



E(Ionization) = —Electric Energy = — — 

Zne 0 r 7 



(10.153) 

Since the relativistic corrections were small, the nonrelativistic ionization 



1 



© 2003 by BlackLight Power, Inc. All rights reserved. 

475 

energies for experimentally measured seven-electron atoms are given in 
Table 10.5. 



Table 10.5. Ionization energies for some seven-electron atoms. 



7e 
Atom 



a 



N 
O* 

Ne 3 * 
Na A * 
Mg 5 * 

Al 6 * 

Si 7 * 

Cl w * 
Ar n * 
K n * 
Ca 13 * 
Sc' 4 * 
77 ,5+ 

Cr ,7+ 

Mn ,s * 

Fe 19 * 

Co 20 * 

M 2,+ 

Cu a * 



7 
8 
9 
10 

11 
12 

13 
14 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 



0.14605 
0.12739 

0.11297 
0.10149 
0.09213 
0.08435 

0.07778 
0.07216 

0.06730 
0.06306 
0.05932 

0.05599 
0.05302 
0.05035 
0.04794 
0.04574 
0.04374 
0.04191 
0.04022 
0.03867 
0.03723 
0.03589 
0.03465 



r 3 

(a„) b 

0.69385 
0.59020 

0.51382 
0.455 1 1 
0.40853 
0.37065 

0.33923 
0.31274 

0.29010 
0.27053 
0.25344 

0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0.14424 



r i 

K) c 

0.93084 
0.78489 
0.67084 
0.57574 
0.50250 
0.44539 

0.39983 
0.36271 

0.33191 
0.30595 

0.28376 
0.26459 
0.24785 
0.23311 
0.22003 
0.20835 
0.19785 
0. 1 8836 
0.17974 
0.17187 
0.16467 
0.15805 
0.15194 



Theoretical 
Ionization 

Energies d 

(eV) 
14.61664 
34.6694 

60.8448 
94.5279 
135.3798 
183.2888 

238.2017 
300.0883 

368.9298 

444.7137 

527.4312 

617.0761 

713.6436 

817.1303 

927.5333 

1044.8504 

1169.0800 

1300.2206 

1438.2710 

1583.2303 

1735.0978 

1893.8726 

2059.5543 



Experimental 
Ionization 

Energies e 

(eV) 
14.53414 
35.1173 

62.7084 

97.12 

138.4 
186.76 

241.76 
303.54 

372.13 
447.5 

529.28 

618.26 

714.6 

817.6 

927.5 

1044 

1168 

1299 

1437 

1582 

1735 

1894 

2060 



Relative 
Error f 



-0.0057 
0.0128 
0.0297 
0.0267 
0.0218 
0.0186 

0.0147 
0.0114 

0.0086 
0.0062 

0.0035 
0.0019 
0.0013 
0.0006 

0.0000 

-0.0008 

-0.0009 

-0.0009 

-0.0009 

-0.0008 

-0.0001 

0.0001 

0.0002 



a Radius of the first set of paired inner electrons of seven-electron atoms from Eq. (10.51). 

b Radius of the second set of paired inner electrons of seven-electron atoms from Eq. (1 0.62). 

c Radius of the three unpaired paired outer electrons of seven-electron atoms from Eq. 
(10.152) for Z>7 and Eq. (10.142) for iV. 

d Calculated ionization energies of seven-electron atoms given by the electric energy (Eq. 
(10.153)). 

e From theoretical calculations, interpolation of isoelectronic and spectral series, and 
experimental data [2-3]. 

* (Experimental-theoreticafl/experimental. ; 



The agreement between the experimental and calculated values of 
Table 10.5 is well within the experimental capability of the spectroscopic 
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determinations including the values at large Z which relies on X-ray 
spectroscopy. In this case, the experimental capability is three to four 
significant figures which is consistent with the last column. The nitrogen 
atom isoelectronic series is given in Table 10.5 [2-3] to much higher 
precision than the capability of X-ray spectroscopy, but these values are 
based on theoretical and interpolation techniques rather than data alone. 
Ionization energies are difficult to determine since the cut-off of the 
Rydberg series of lines at the ionization energy is often not observed, and 
the ionization energy must be determined from theoretical calculations, 
interpolation of N isoelectronic and Rydberg series, as well as direct 
experimental data. 

EIGHT-ELECTRON ATOMS 

Eight-electron atoms can be solved exactly using the results of the 
solutions of one, two, three, four, five, six, and seven-electron atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 
THE OXYGEN ATOM 

For each seven-electron atom having a central charge of Z times 
that of the proton, there are two indistinguishable spin-paired electrons 
in an orbitsphere with radii r, and r 2 both given by Eq. (7.19) (Eq. 
(10.51)), two indistinguishable spin-paired electrons in an orbitsphere 
with radii r 3 and r 4 both given by Eq. (10.62), and three unpaired 

electrons is in an orbitsphere at r 7 given by Eq. (10.152). For Z>8, the 

next electron which binds to form the corresponding eight-electron atom 
is attracted by the central Coulomb field and is repelled by diamagnetic 
force due to the spin-paired inner electrons. A paramagnetic spin-paring 
force that results in the formation of a filled s orbital is also possible, but 
the force due to the spin-pairing of the electrons (Eq. (7.15) with the 
radius r 8 ) reduces the energy of the atom less than that due to the 

alternative forces on two paired electrons in a p x orbital and two 

unpaired electrons in p t and p z orbitals of an orbitsphere at the same 

radius /j. The resulting electron configuration is ls 2 2s 2 2p* f and the orbital 

arrangement is 
2p state 

T i JT T_ ' (10.154) 

10-1 
corresponding to the ground state 3 /£. 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner seven electrons is given by Eq. (10.70) with the 
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appropriate charge and radius: 

f *=w'- (io - i55) 

for r>r 7 . 

The energy is minimized with conservation of angular momentum 
by the cancellation of the orbital angular momentum of a p x electron by 

that of the p electron with the pairing of electron eight to fill the p x 

orbital. Then, the diamagnetic force is that of N given by Eq. (10.136) 
corresponding to the p z -orbitaI electron (Eq. (10.82) with m = 0) as the 
source of^ diamagnetism with an additional contribution from the 
uncanceled p x electron (Eq. (10.82) with m = l). V diamagnetic for the oxygen 

atom is 

f -{r f k^rVSTTw. —^JG+V. (10.156) 

From Eqs. (10.83) and (10.89), is 

1 h 2 1 Ih 2 

V mag 2 = (1 + 1)^-V V^l)i r = ±_^V^l)ir (10.157) 

Z m e r 9 r 3 Z m e r s r 3 

corresponding to the spin-angular-momentum contribution alone of the 
p x electron and the orbital angular momentum of the p z electron, 

respectively. 

The outward centrifugal force on electron 8 is balanced by the 
electric force and the magnetic forces (on electron 8). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.155)), diamagnetic (Eq. (10.156)), and 
paramagnetic (Eq. (10.157)) forces as follows: 

mvl (Z-7)e 2 ft 2 r- 2h 2 



sjs(s + 1) + (10.158) 



ft 1 

Substitution of v 8 = (Eq. (1.56)) and 5 = - into Eq. (10.158) gives: 

m e r s 2 

2 *2 PT ot2 



(Z- 7K * J3 



m A 47 &o r s 4m e r * r 3 >4 Zm e r 2 r 3 \4 



t+^t-Jt (10.159) 



n = 



8 (Z-7)e 2 h 2 ff 2h 2 



4ne o 4m/ 3 V 4 Zm e r 3 V 4 




(10.160) 



r 8 = — jF=-, r 3 in units of (10.161) 




4 



1 
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Substitution of -^ = 0.59020 (Eq. (10.62) with Z = 8) into Eq. (10.161) gives 



'8 = «o (10.162) 
The ionization energy of the oxygen atom is given by the negative 
of E{electric) given by Eq. (10.102) with the appropriate charge and radius: 

E(ionization\ O) = -Electric Energy = (2 ~ 7)g = 13.60580 eV (10.163) 

8fl£ a r 8 

where r 8 = a 0 (Eq. (10.162)) and Z = 8. The experimental ionization energy 
of the oxygen atom is 13.6181 eV [3]. 

THE IONIZATION ENERGIES OF EIGHT-ELECTRON ATOMS WITH A 
NUCLEAR CHARGE Z>8 

Eight-electron atoms having Z>8 possess an external electric field 
given by Eq. (10.92). In this case, an energy minimum is achieved with 
conservation of momentum when the orbital angular momentum is such 
that F^^^ is minimized while F^ 2 is maximized. From Eq. (10.82), the 

diamagnetic force, F diamagnet ic , is given by the sum of the contributions from 

the p x , p y9 and p z orbitals corresponding to m = 1, -1, and 0, respectively: 

■-(! + f Hkfe^* --(f)^^" 1 ' < 10164 > 

The filled p orbitals with the maintenance of symmetry according 
to Eq. (10.72) requires that the diamagnetic force is only due to the 
electrons at r 3 . From Eqs. (10.84) and (10.89), F^ 2 is 

F m ^ 2 =(4 + 1 + 1)^-^V*^ (10.165) 

corresponding to the spin and orbital angular momenta of the paired p x 

electrons and the orbital angular momentum of each of the p ? and p z 

electrons, respectively. 

The second diamagnetic force, V dbJmagneric 29 due to the binding of the p- 

orbital electron having an electric field outside of its radius is given by 
Eq. (10.93): 

^diamagnetic 2 = "[fffjl ~ ^^^V^^^ (10.166) 

In the case that Z>8, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.155)), diamagnetic (Eqs. (10.164) and (10.166)), and paramagnetic 
(Eq. (10.165)) forces as follows: 

m e vl = (Z-7)e 2 5h 2 
r 8 4/E£ j / 8 2 12m,r 8 V 3 



J A V/i&v WW kj • 

Zm e r t r 3 IZ-T\ 2 )m e r s 
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ft 1 

Substitution of v 8 = (Eq. (1.56)) and j = - into Eq. (10.167) gives: 

m f r 8 2 



479 
(10.167) 



5h 



m e r S 



(Z-7)e 2 
4ne o r? 12m,r 8 Vjl|4 Zm 



— + 



^-^" r z - 8 Ti ^v^io/ 1 

mrfrjA lz-7\ l 2 Jr> t "^4 



The quadratic equation corresponding to Eq. (10.168) is 



(10.168) 



m 



{ 



(10.169) 



(Z - 7)e' 



_f A_AV*L flY' f (Z-7)e 2 (5 6}h* [J) 
\12 Zjm e r 3 i4) { Ake o \\2 ZJm^iA) 



= 0 



The solution of Eq. (10.170) using the quadratic formula is: 



(10.170) 



(Z - 7)e- 
4ne. 




m. 



(Z - 7)e- 



U2 Z)m e r^A) 



-7)e- 





\( Y 







(10.171) 



(10.172) 



r 3 in units of 
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where r 3 is given by Eq. (10.62). The positive root of Eq. (10.172) must be 
taken in order that r 8 >0. The final radius of electron 8, r 8 , is given by Eq. 
(10.172); this is also the final radius of electrons 5, 6, and 7. The radii of 
several eight-electron atoms are given in Table 10.6. 

The ionization energies for the eight-electron atoms with Z>8 are 
given by the electric energy, E(electric) y (Eq. (10.102) with the radii, r 8 , 
given by Eq. (10.172)): 

E(Ionization) = -Electric Energy = ^ Z ~ 7 ^ g (10.173) 

&7Z€ 0 r s 

Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured eight-electron atoms are given in 
Table 10.6. 
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Table 10.6. Ionization energies for some eight-electron atoms. 



8 e 


i. 


A trim 




o 


8 


F* 


9 


Ne 2 * 


10 


Na 3 * 


11 


Mg 4 * 


12 


Al 5 * 


13 


Si 6 * 


14 


i 


15 


5 8+ 


16 


c/ 9+ 


17 




18 


K"+ 


19 


Ca ,2+ 


20 


5c ,J+ 


21 




22 




23 


Cr ,6+ 


24 


Mn"+ 


25 


Fe ,8+ 


26 


Co" + 


27 




28 


C« 2,+ 


29 




0.12739 
0.11297 

0.10149 

0.09213 

0.08435 

0.07778 
0.07216 
0.06730 
0.06306 
0.05932 
0.05599 
0.05302 
0.05035 
0.04794 
0.04574 
0.04374 
0.04191 
0.04022 
0.03867 
0.03723 
0.03589 
0.03465 




0.59020 
0.51382 
0.45511 
0.40853 
0.37065 

0.33923 
0.31274 
0.29010 
0.27053 
0.25344 

0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0.14424 



1 .00000 

0.7649 

0.6514 

0.5592 

0.4887 

0.4338 
0.3901 
0.3543 
0.3247 
0.2996 
0.2782 
0.2597 
0.2434 
0.2292 
0.2165 
0.2051 
0.1949 
0.1857 
0.1773 
0.1696 
0.1626 
0.1561 



Theoretical 
Ionization 

Energies d 
(eV) 

13.60580 

35.5773 

62.6611 

97.3147 

139.1911 

188.1652 

244.1735 

307.1791 

377.1579 

454.0940 

537.9756 

628.7944 

726.5442 

831.2199 

942.8179 

1061.3351 

1186.7691 

1319.1179 

1458.3799 

1604.5538 

1757.6383 

1917.6326 



Experimental 
Ionization 

Energies e 
(eV) 
13.6181 
34.9708 
63.45 

98.91 
141.27 

190.49 
246.5 
309.6 
379.55 
455.63 
538.96 
629.4 
726.6 
830.8 
941.9 

1060 

1185 

1317 

1456 

1603 

1756 

1916 



Relative 
Error f 

* 

0.0009 
-0.0173 
0.0124 

0.0161 

0.0147 

0.0122 

0.0094 

0.0078 

0.0063 

0.0034 

0.0018 

0.0010 

0.0001 

-0.0005 

-0.0010 

-0.0013 

-0.0015 

-0.0016 

-0.0016 

-0.0010 

-0.0009 

-0.0009 



a Radius of the first set of paired inner electrons of eight-electron atoms from Eq. (10.51). 
b Radius of the second set of paired inner electrons of eight-electron atoms from Eq. (10.62). 
c Radius of the two paired and two unpaired outer electrons of eight-electron atoms from Eq. 
(10.172) for Z>8 and Eq. (10.162) for O. 

d Calculated ionization energies of eight-electron atoms given by the electric energy (Eq. 
(10.173)). 

e From theoretical calculations, interpolation of isoelectronic and spectral series, and 

experimental data [2-3]. 
' fExperimental-theoretican/experimental. 

The agreement between the experimental and calculated values of 
Table 10.6 is well within the experimental capability of the spectroscopic 
determinations including the values at large Z which relies on X-ray 
spectroscopy. In this case, the experimental capability is three to four 
significant figures which is consistent with the last column. The oxygen 
atom isoelectronic series is given in Table 10.6 [2-3] to much higher 
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precision than the capability of X-ray spectroscopy, but these values are 
based on theoretical and interpolation techniques rather than data alone. 
Ionization energies are difficult to determine since the cut-off of the 
Rydberg series of lines at the ionization energy is often not observed, and 
the ionization energy must be determined from theoretical calculations, 
interpolation of 'O isoelectronic and Rydberg series, as well as direct 
experimental data. 

NINE-ELECTRON ATOMS 

Nine-electron atoms can be solved exactly using the results of the 
solutions of one, two, three, four, five, six, seven, and eight-electron 
atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 
THE FLUORINE ATOM 

For each eight-electron atom having a central charge of Z times 
that of the proton, there are two indistinguishable spin-paired electrons 
in an orbitsphere with radii and r t both given by Eq. (7.19) (Eq. 
(10.51)), two indistinguishable spin-paired electrons in an orbitsphere 
with radii r 3 and r 4 both given by Eq. (10.62), and two paired and 

unpaired electrons is in an orbitsphere at r 8 given by Eq. (10.172). For 

Z>9, the next electron which binds to form the corresponding nine- 
electron atom is attracted by the central Coulomb field and is repelled by 
diamagnetic force due to the spin-paired inner electrons. A paramagnetic 
spin-paring force that results in the formation of a filled s orbital is also 
possible, but the force due to the spin-pairing of the electrons (Eq. (7.15) 
with the radius r 9 ) reduces the energy of the atom less than that due to 

the alternative forces on an unpaired electron in a p y orbital and two 

pairs of electrons of opposite spin in p x and p z orbitals of an orbitsphere 

at the same radius r 9 . The resulting electron configuration is ls 2 2s 2 2p 5 9 

and the orbital arrangement is 
2p state 

t 1 t i t (10.174) 

1 0-1 
corresponding to the ground state 2 P^ 2 - 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner eight electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 

< io - i75 > 
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for r>r g 



The energy is minimized and the angular momentum is conserved 
with the pairing of electron nine to fill the p z orbital when the orbital 
angular momenta of each set of p x and p t spin-paired electrons adds 
negatively to cancel. Then, the diamagnetic force (Eq. (10.82)), F diamognetic , is 



p 

diamagnetic 



= ^|)^V^M)i r (10.176) 



corresponding to m = -l for the unpaired p y electron. 
From Eqs. (10.83) and (10.89), F^ 2 is 

1 ft 2 i— ; rr. 1 3h 2 

— V^5+l)l r = - ■ 

c, nt e r 9 ^3 c m e r 9 r<$ 



F^ 2 = (1 + 1 + 1)^-^ = V^C^lTi, (10.177) 



corresponding to the spin-angular-momentum contribution alone from 
each of the p x and p z orbitals and the orbital-angular-momentum 

contribution of the p z electron, respectively. 

The outward centrifugal force on electron 9 is balanced by the 
electric force and the magnetic forces (on electron 9). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.175)), diamagnetic (Eq. (10.176)), and 
paramagnetic (Eq. (10.177)) forces as follows: 

m i ± = (Z-«^__ _^^^ + _J^ / ^ TI ) (10.178) 
r 9 4lte o r 9 6m e r 9 r 3 Zm t r 9 r 3 

tt 1 

Substitution of v 9 = — — (Eq. (1.56)) and j = - into Eq. (10.178) gives: 

m e r 9 2 
*■ _(Z-8)e' *» £ + -i»l-JI (10.179) 




mjrl 47Z€ 0 rg 6m e r 9 2 r 3 ^l4 Zm e r 9 r 3 ^ 4 



* (Z-8)g 2 tt 2 p { 3ft 2 13 
A7te o 6m e r* V 4 Zm,r 3 V 4 



(10.180) 



r 9 = — r 3 in units ofa^ (10.181) 



Substitution of -^- = 0.51382 (Eq. (10.62) with Z = 9) into Eq. (10.181) gives 



r 9 = 0.78069a,, (10.182) 

The ionization energy of the fluorine atom is given by the negative 
of E(electric) given by Eq. (10.102) with the appropriate charge and radius: 
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» 

E(ionization; F) = -Electric Energy = (2 " - 8)c = 17.42782 e V (10.183) 

where r 9 =0.78069o 0 (Eq. (10.183)) and Z = 9. The experimental ionization 
energy of the fluorine atom is 17.42282 eV [3]. 

■ * 

THE IONIZATION ENERGIES OF NINE-ELECTRON ATOMS WITH A 
NUCLEAR CHARGE Z>9 

Nine-electron atoms having Z>9 possess an external electric field 
given by Eq. (10.92). In this case, an energy minimum is achieved with 
conservation of momentum when the orbital angular momentum is such 
that ¥ diamagnetic is minimized while F mag2 is maximized. From Eq. (10.82), the 

diamagnetie force, F^^^, is given by the sum of the contributions from 

the p x9 p y , and p t orbitals corresponding to m = 1, -1, and 0, respectively: 

*^Hhh\)*£trJ^.={l)^J«^»>. no-is*) 

The filled p orbitals with the maintenance of symmetry according 
to Eq. (10.72) requires that the diamagnetie force is only due to the 
electrons at r 3 . From Eqs. (10.84) and (10.89), F mag2 is 

K og 2 = (4 + 4 + i)l-^^7^T)i r = J^Ti)K (10.185) 

corresponding to the spin and orbital angular momenta of the paired p x 

and p z electrons and the orbital angular momentum of the unpaired p y 

electron, respectively. 

The second diamagnetie force, F diamagnetic2J due to the binding of the p- 

orbital electron having an electric field outside of its radius is given by 
Eq. (10.93): 

F rf _^ 2 = J 1 - ^)^^ 10 ^ IT1 ^ i - (10.186) 

In the case that Z>9, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.175)), diamagnetie (Eqs. (10.184) and (10.186)), and paramagnetic 
(Eq. (10.185)) forces as follows: 



mvl (Z-8)e 2 5ft 2 



Zm € r 9 r 3 LZ-8J^ 2 )m t r 9 



r 9 4tce o r 9 2 12m e r 9 r 3 

(10.187) 

ft 1 

Substitution of v 9 = (Eq. (1.56)) and s = - into Eq. (10.187) gives: 



m e r 9 



(Z-8)* 2 5ft 2 g 9ft 



m e r 9 47te o r 9 12m e r 9 r 3 \4 Zm 



e r?r 3 I~4 [z-sl 1 ^2)r}m e W ^4 
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The quadratic equation corresponding to Eq. (10.188) is 
(Z - 8)e 2 
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(10.188) 



4ne. 



m. 



h 
m 



(Z-8)e" 



J1—2XHL (1) 

U2 Z)m e r^4) 



r 9~ 



HJHK) 



(10.189) 



(Z - 8) e 
4ns. 



Il2 Zjm e r 3 14J 



= 0 



The solution of Eq. (10.190) using the quadratic formula is: 



(10.190) 





- T 


f (Z-8)e 2 (5 9\h 2 [J} 
{{ 4ne B ll2 Z)m e rj4)) 

f(Z-8)e 2 /" 5 9"J /i 2 /J^ 
( 4^e o ll2 Zjm t r^4) 


f(Z-8)e 2 (5 9\ ft 2 (3) j 
4m o \\2 Zjm r r 3 i4j 1 



'9 - 


2 


(10.191) 






2 


1 




(10.192) 



r 3 in Knite o^Oq 

where r 3 is given by Eq. (10.62). The positive root of Eq. (10.192) must be 

taken in order that r 9 >0. The final radius of electron 9, r 9 , is given by Eq. 

(10.192); this is also the final radius of electrons 5, 6,7, and 8. The radii 
of several nine-electron atoms are given in Table 10.7. 

The ionization energies for the nine-electron atoms with Z>9 are 

given by the electric energy, E(electric) 9 (Eq. (10.102) with the radii, r 9 , 
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given by Eq. (10.192)): 

E(Ionization) = - Electric Energy = (Z ~ )<? (10.193) 

%ne 0 r 9 

Since the relativistic corrections were small, the nonrelativistic ionization 

energies for experimentally measured nine-electron atoms are given in 
Table 10.7. 
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Table 10.7. Ionization energies for some nine-electron atoms, 
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Oa 


7 


Atom 




F 


9 


Ne* 


10 


Na 7 * 


11 


Mg» 


12 


Al A * 


13 


Si 5 * 


14 




15 




16 


a 8+ 


17 


Ar 9 * 


18 


K'°* 


19 


Ca"* 


20 


Sc n + 


21 




22 




23 


Cr ,s * 


24 


Mn' 6 * 


25 


Fe"* 


26 


Co ,s+ 


27 


Ni 19 * 


28 


Cu 70 * 


29 



( a J * 



0.11297 
0.10149 
0.09213 
0.08435 

0.07778 
0.07216 
0.06730 
0.06306 
0.05932 
0.05599 
0.05302 
0.05035 
0.04794 
0.04574 
0.04374 
0.04191 
0.04022 
0.03867 
0.03723 
0.03589 
0.03465 



K) b 

0.51382 
0.45511 
0.40853 
0.37065 

0.33923 
0.31274 
0.29010 
0.27053 
0.25344 
0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0.14424 



r 9 

(a„) c 



0.78069 
0.64771 

0.57282 

0.50274 

0.44595 
0.40020 
0.36283 
0.33182 
0.30571 
0.28343 
0.26419 
0.24742 

0.23266 
0.21957 
0.20789 
0.19739 
0.18791 
0.17930 
0.17145 
0.16427 
0.15766 



Theoretical 
Ionization 

Energies d 

(eV) 
17.42782 
42.0121 

71.2573 

108.2522 

152.5469 
203.9865 
262.4940 
328.0238 
400.5466 
480.0424 
566.4968 
659.8992 
760.2415 
867.5176 
981.7224 
1 102.8523 
1230.9038 
1365.8746 
1507.7624 
1656.5654 
1812.2821 



Experimental 
Ionization 

Energies e 

(eV) 
17.42282 
40.96328 

71.62 
109.2655 

153.825 

205.27 

263.57 

328.75 

400.06 

478.69 

564.7 

657.2 

756.7 

863.1 
976 

1097 

1224 

1358 
1504.6 

1648 

1804 



Relative 
Error f 



-0.0003 
-0.0256 

0.0051 

0.0093 

0.0083 
0.0063 
0.0041 
0.0022 
-0.0012 
-0.0028 
-0.0032 
-0.0041 

-0.0047 
-0.0051 
-0.0059 
-0.0053 
-0.0056 
-0.0058 
-0.0021 
-0.0052 
-0.0046 



a Radius of the first set of paired inner electrons of nine-electron atoms from Equation 
(10.51). 

D Radius of the second set of paired inner electrons of nine-electron atoms from Equation 
(10.62). 

c Radius of the one unpaired and two sets of paired outer electrons of nine-electron atoms 
from Eq. (10.192) for Z>9 and Eq. (10.182) for F. 

d Calculated ionization energies of nine-electron atoms given by the electric energy (Eq. 
(10.193)). 

e From theoretical calculations, interpolation of isoelectronic and spectral series, and 
experimental data [2-3]. 

f (Experimental-theoretical)/experimental. 



The agreement between the experimental and calculated values of 
Table 10.7 is well within the experimental capability of the spectroscopic 
determinations including the values at large Z which relies on X-ray 
spectroscopy. In this case, the experimental capability is three to four 
significant figures which is consistent with the last column. The fluorine 
atom isoelectronic series is given in Table 10.7 [2-3] to much higher 
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precision than the capability of X-ray spectroscopy, but these values are 
based on theoretical and interpolation techniques rather than data alone. 
Ionization energies are difficult to determine since the cut-off of the 
Rydberg series of lines at the ionization energy is often not observed, and 
the ionization energy must be determined from theoretical calculations, 
interpolation of F isoelectronic and Rydberg series, as well as direct 
experimental data. 

TEN-ELECTRON ATOMS 

Ten-electron atoms can be solved exactly using the results of the 
solutions of one, two, three, four, five, six, seven, eight, and nine-electron 
atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 
THE NEON ATOM 

For each nine-electron atom having a central charge of Z times that 
of the proton, there are two indistinguishable spin-paired electrons in an 
orbitsphere with radii r, and r 2 both given by Eq. (7.19) (Eq. (10.51)), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r 3 and 
r 4 both given by Eq. (10.62), and two sets of paired and an unpaired 
electron is in an orbitsphere at r 9 given by Eq. (10.192). For Z>10, the 

next electron which binds to form the corresponding ten-electron atom is 
attracted by the central Coulomb field and is repelled by diamagnetic 
force due to the spin-paired inner electrons. A paramagnetic spin-paring 
force that results in the formation of a filled s orbital is also possible, but 
the force due to the spin-pairing of the electrons (Eq. (7.15) with the 
radius r l0 ) reduces the energy of the atom less than that due to the 

alternative forces on three pairs of electrons of opposite spin in p x9 p y9 

and p z orbitals of an orbitsphere at the same radius r l0 . The resulting 

electron configuration is ls 2 2s 2 2p 6 9 and the orbital arrangement is 

2p state 



10-1 
corresponding to the ground state ] S 0 . 

The central Coulomb force acts on the outer electron to cause it to 

bind wherein this electric force on the outer-most electron due to the 

nucleus and the inner nine electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 



TiTi T I 



(10.194) 




(10.195) 



for r>r 9 . 
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The energy is minimized and the angular momentum is conserved 
with the pairing of electron ten to fill the p y orbital when the orbital 

angular momenta of each set of the p x , p y , and p z spin-paired electrons 

add negatively to cancel. Then, the diamagnetic force (Eq. (10.82)), 

^diemagnetic* * S Zero: 

=0 (10.196) 
From Eq. (10.83), F^ 2 is 

K og2 - (i + 1 + 0^-t^cJ+i5C = V^H)i r (10.197) 

corresponding to the spin-angular-momentum contribution alone from 
each of the p xJ p yy and p z orbitals. 

The outward centrifugal force on electron 10 is balanced by the 
electric force and the magnetic forces (on electron 10). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.195)), diamagnetic (Eq. (10.196)), and 
paramagnetic (Eq. (10.197)) forces as follows: 

^ = (Z-9)* 2 + _3ft*/^ny (10.198) 

ft 1 
Substitution of v 10 = (Eq. (1.56)) and 5 = - into Eq. (10.198) gives: 

m e r \0 2 



mrf 0 4*e o r* Zm,fcl4 



r, 0 = 



(Z-9)e z 3h 



4m 0 Zm^ V 4 




(10.200) 



/;„ = — p— • , r 3 in units of (10.201) 




(Z-9) + |— 

Substitution of -^- = 0.45511 (Eq. (10.62) with Z = 10) into Eq. (10.201) gives 

^=0.63659*10 (10.202) 
The ionization energy of the neon atom is given by the negative of 
E(electric) given by Eq. (10.102) with the appropriate charge and radius: 

EQonization; Ne) = -Electric Energy = (Z - 9)e = 2 1 .37296 e V (10.203) 

87ce,r 10 

where r I0 = 0.63659a,, (Eq. (10.202)) and Z = 10. The experimental ionization 
energy of the neon atom is 21.56454 eV [3]. 
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THE IONIZATION ENERGIES OF TEN-ELECTRON ATOMS WITH A 
NUCLEAR CHARGE Z>10 

Ten-electron atoms having Z>10 possess an external electric field 
given by Eq. (10.92). In this case, an energy minimum is achieved with 
conservation of momentum when the orbital angular momentum is such 
that ¥ diamagnetie is minimized while F mag2 is maximized. From Eq. (10.82), the 

diamagnetic force, F^^, is given by the sum of the contributions from 

the p xy p y , and p z orbitals corresponding to m = 1, -1, and 0, respectively: 

F — ■ -(! + H)dk V * JT "'- = ^i)^* 771 * < 1 °- 204) 

The filled p orbitals with the maintenance of symmetry according 
to Eq. (10.72) requires that the diamagnetic force is only due to the 
electrons at r 3 . From Eq. (10.84), F 2 is 

F^, 2 =(4 + 4 + 4)1-^7^(7^ (10.205) 

Z m,/j 0 r 3 £m e r ]0 r 3 

corresponding to the spin and orbital angular momenta of the paired p x9 
p y9 and p z electrons. 

The second diamagnetic force, F diamagnetic2 , due to the binding of the p- 

orbital electron having an electric field outside of its radius is given by 
Eq. (10.93): 



F^„ c 2 = "[^zy [^^ji^^^^^ (10.206) 

In the case that Z>10, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.195)), diamagnetic (Eqs. (10.204) and (10.206)), and paramagnetic 
(Eq. (10.205)) forces as follows: 

m,v?o (Z-9)e 2 5ft 2 , - ■ tx 12ft 2 ^ fZ-loY, V?) r 3 ft 2 1A r-, - 

r \o 47t€ o r io l2m e r w r 3 Z'Vio'a LZ-9J^ 2 Jm e r lQ 

(10.207) 

Substitution of v I0 = -^~ (Eq. (1.56)) and 5 = i into Eq. (10.207) gives: 

m e r t0 2 

= (Z-9)e 2 5ft 2 [3 12ft 2 p f Z-lo Y r 3 /i 2 fj 



m ^o 4 *Vio 12m (( /iJr 3 V4 Zm e r 2 r 3 y 4 LZ-9J^ 2 J^wi, V4 

(10.208) 

The quadratic equation corresponding to Eq. (10.208) is 



f (Z-9)e 2 f5 12^1 h 2 [J} 2 h 2 f Z-lp f , V2> 3 A 2 /J 
I, 4^ o ll2 Z)m e rjAj w m/ t0 l~Z^\ 2jm e 14 



(10.209) 
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r (Z-9)e 2 p 12 W IT) ! ° f (Z-9)e 2 p 12^ ft 2 f±\ 
, 4;tE, U2 z)m e r 3 i4) [ 4ne a U2 ZJm e r 3 i4) 



The solution of Eq. (10.210) using the quadratic formula is: 



(10.210) 



^0 = 





( tji V 

ft" 2 


h 2 


f(Z-9)e 2 (5 \2\h 2 fl^ 
4^e o ll2 Z)m e rj4)) 


f(Z-9)e 2 ( 5 \2\ ft 2 fTl 

I ... u w | 






({Z-9)e 2 (5 \2\ h 2 JTJ 
[ 4*e o ll2 Z)m e r^4) 



(10.211) 



<*0 



1 



lH>-(*-f)f)J 



»io = 



(10.212) 



i/j units ofa 0 

where r 3 is given by Eq. (10.62). The positive root of Eq. (10.212) must be 
taken in order that r 10 >0. The final radius of electron 10, r 10 , is given by 
Eq. (10.62); this is also the final radius of electrons 5, 6, 7, 8, and 9. The 
radii of several ten-electron atoms are given in Table 10.8. 

The ionization energies for the ten-electron atoms with Z>10 are 
given by the electric energy, E(electric), (Eq. (10.102) with the radii, r l09 

given by Eq. (10.212)): 

E(Ionization) = -Electric Energy = ( f - 9) * (10.213) 

Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured ten-electron atoms are given in 
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Table 10.8. 



Table 10.8. Ionization energies for some ten-electron atoms. 



lOe 

Atom 



Ne 
Na* 
Mg 7 + 

Al 3+ 
St 4+ 

S 6+ 

Cl 1+ 
Ar*+ 
K 9 * 
Ca ,0+ 
Sc"* 
7? ,2+ 

Cr M+ 
Mn ,s * 
Fe ,6+ 
Co 11 * 
M ,8+ 
Cu ,9+ 
Z* 20+ 



10 0.10149 

11 0.09213 

12 0.08435 

13 0.07778 

14 0.07216 

15 0.06730 

16 0.06306 

17 0.05932 

18 0.05599 

19 0.05302 

20 0.05035 

21 0.04794 

22 0.04574 

23 0.04374 

24 0.04191 

25 0.04022 

26 0.03867 

27 0.03723 

28 0.03589 

29 0.03465 

30 0.03349 



0.45511 
0.40853 

0.37065 

0.33923 
0.31274 
0.29010 
0.27053 
0.25344 

0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0.14424 
0.13925 



0.63659 
0.560945 

0.510568 

0.456203 
0.409776 
0.371201 
0.339025 

0.311903 
0.288778 
0.268844 
0.251491 
0.236251 
0.222761 
0.210736 
0.19995 
0.19022 
0.181398 
0.173362 
0.166011 
0.159261 
0.153041 



Theoretical 
Ionization 

Energies d 

(eV) 
21.37296 
48.5103 

79.9451 

1 19.2960 

166.0150 

219.9211 

280.9252 

348.9750 

424.0365 

506.0861 

595.1070 

691.0866 

794.0151 

903.8853 

1020.6910 

1 144.4276 

1275.0911 

1412.6783 

1557.1867 

1708.6139 

1866.9581 



Experimental 
Ionization 

Energies e 

(eV) 
21.56454 
47.2864 

80.1437 

119.992 
166.767 
220.421 
280.948 
348.28 
422.45 
503.8 
591.9 
687.36 
787.84 

896 
1010.6 
1 134.7 

1266 
1397.2 

1541 

1697 

1856 



Relative 
Error f 



0.00888 
-0.0259 

0.0025 

0.0058 

0.0045 

0.0023 

0.0001 

-0.0020 

-0.0038 

-0.0045 

-0.0054 

-0.0054 

-0.0078 

-0.0088 

-0.0100 

-0.0086 

-0.0072 

-0.01 1 1 

-0.0105 

-0.0068 

-0.0059 



a Radius of the first set of paired inner electrons of fen-electron atoms from Equation 
(10.51). 

b Radius of the second set of paired inner electrons of ten-electron atoms from Equation 
(10.62). 

c Radius of three sets of paired outer electrons of ten-electron atoms from Eq. (10.212)) for 
Z>10 and Eq. (10.202) for Ne. 

d Calculated ionization energies of ten-electron atoms given by the electric energy (Eq. 
(10.213)). 

e From theoretical calculations, interpolation of isoelectronic and spectral series, and 
. experimental data [2-3]. 

f (ExperimentaMheoreticalVexperimental. ; 

The agreement between the experimental and calculated values of 
Table 10.8 is well within the experimental capability of the spectroscopic 
determinations including the values at large Z which relies on X-ray 
spectroscopy. In this case, the experimental capability is three to four 
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significant figures which is consistent with the last column. The neon 
atom isoelectronic series is given in Table 10.8 [2-3] to much higher 
precision than the capability of X-ray spectroscopy, but these values are 
based on theoretical and interpolation techniques rather than data alone. 
Ionization energies are difficult to determine since the cut-off of the 
Rydberg series of lines at the ionization energy is often not observed, and 
the ionization energy must be determined from theoretical calculations, 
interpolation of Ne isoelectronic and Rydberg series, as well as direct 
experimental data. 

GENERAL EQUATION FOR THE IONIZATION ENERGIES OF FIVE 
THROUGH TEN-ELECTRON ATOMS 

Using the forces given by Eqs. (10.70), (10.82-10.84), (10.89), 
(10.93), and the radii r 3 given by Eq. (10.62), the radii of the 2p electrons 
of all five through ten-electron atoms may be solved exactly. The electric 
energy given by Eq. (10.102) gives the corresponding exact ionization 
energies. A summary of the parameters of the equations that determine 
the exact radii and ionization energies of all five through ten-electron 
atoms is given in Table 10.9. 

F e/ , and F diomagne1ic 2 given by Eqs. (10.70) and (10.93), respectively, are 

of the same form for all atoms with the appropriate nuclear charges and 
atomic radii. ¥ diamognetk given by Eq. (10.82) and F m ^ 2 given by Eqs. (10.83- 

10.84) and (10.89) are of the same form with the appropriate factors that 
depend on the electron configuration wherein the electron configuration 
must be a minimum of energy. 

For each n-electron atom having a central charge of Z times that of 
the proton and an electron configuration ls 2 2s 2 2p"~ 4 , there are two 
indistinguishable spin-paired electrons in an orbitsphere with radii r } and 
r 2 both given by Eqs. (7.19) and (10.51): 



two indistinguishable spin-paired electrons in an orbitsphere with radii r 3 
and r 4 both given by Eq. (10.62): 




(10.214) 
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n = r, = 





I 

z 




\ 




z 

< ) 


2 


( p) 

< J 


( [J] 

"-•-(H)? 

^ J 


2 T ^ 





where r } is given by Eq, 
with radius r n given by 



(10.214), and n-4 electrons in 



r, in units of a 0 

(10.215) 
an orbitsphere 




±a, 



B \V3 



v 




(«-(-'»-(£- 



(10.216) 



r 3 in units of a 0 

where r 3 is given by Eq. (10.215), the parameter A given in Table 10.9 

corresponds to the diamagnetic force, ¥ diamagnetic , (Eq. (10.82)), and the 

parameter B given in Table 10.9 corresponds to the paramagnetic force, 
(Eqs. (10.83-10.84) and (10.89)). The positive root of Eq. (10.216) 

must be taken in order that r B >0. The radii of several n-electron atoms 
are given in Tables 10.3-10.8. 

The ionization energy for the boron atom is given by Eq. (10.104). 
The ionization energies for the n-electron atoms are given by the 
negative of the electric energy, E{electric) 9 (Eq. (10.102) with the radii, r„, 

given by Eq. (10:216)): 



E(lonization) = —Electric Energy = — — — — 

8/tE r 



(10.217) 



on 



Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured n-electron atoms are given by Eqs. 
(10.217) and (10.216) in Tables 10.3-10.8. 



1 
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Table 10.9. Summary of the parameters of five through ten-electron 
atoms. 

Atom Type Electron Ground Orbital Diamagnetic Paramagnetic 

Configuration State Arrangement Force ~~ 

Term a Qf Factor 



2p Electrons 
(2p state) 



Force 
Factor 

B c 



Neutral 5 e Atom 


IS ZS zp 


2n0 
1/2 


i 










B 




i 


u 




2 


0 








1 




Neutral 6 e Atom 


15" 25 2p 


3 D 


I 


I 




z 




C 




i 
i 




1 


3^ 


0 


Npntral 7 p Atnm 


Is 2s 2p 


^3/2 


T 


T 


T 


i 


1 








1 


0 


- 1 


3 


lNCUUcu O C /AlUIH 


1j*2j 2p 




T 4, 


T 


T 






O 




i 


0 


-1 


i 


2 










F 


Is 2s 2p 


1 nO 


T 4 
1 


^ i 

0 


T 
-l 


z 


3 


Neutral 10 e Atom 
Ne 


ls 2 2s 2 2p 6 


^0 


T i 


t I 


t i 


0 


3 








l 


0 


-1 




5 e Ion 


\s 2 2s 2 2p i 


2p0 
M/2 


t 






5 


1 








l 


0 


-l 


3 


6 e Ion 


Is 2 2s 2 2 p 2 


*P 
0 


T 


t 




5 


4 








l 


0 


-1 


3 


7 e Ion 


ls 2 2s 2 2p 3 


4o0 
^3/2 


t 


T 


T 


5 










l 


0 


-l 


3 


6 


8e Ion 


\s 2 2s 2 2p A 


3 P 
*2 


t I 


t 


T 


5 










l 


0 


-l 


3 


6 


9e Ion 


Is 2 2s 2 2 p 5 


2n0 
^3/2 


T I 


T i 


t 


5 










l 


0 


-l 


3 


9 


10 e Ion 


ls 2 2s 2 2p 6 




T i 


T i 


t 4. 


5 








l 


0 


-l 


3 


12 



a The theoretical ground state terms match those given by NIST [8]. 
b Eq. (10.82). 

c Eqs. (10.83-10.84) and (10.89). 
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ELEVEN-ELECTRON ATOMS 

Eleven-electron atoms can be solved exactly using the results of the 
solutions of one, two, three, four, five, six, seven, eight, nine, and ten- 
electron atoms. 

RADIUS AND IONIZATION ENERGY OF THE OUTER ELECTRON OF 
THE SODIUM ATOM 

For each ten-electron atom having a central charge of Z times that 
of the proton, there are two indistinguishable spin-paired electrons in an 
orbitsphere with radii r x and r 2 both given by Eq. (7.19) (Eq. (10.51)), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r 3 and 
r 4 both given by Eq. (10.62), and three sets of paired electrons in an 
orbitsphere at ^ 0 given by Eq. (10.212). For Z>11, the next electron 

which binds to form the corresponding eleven-electron atom is attracted 
by the central Coulomb field and is repelled by diamagnetic forces due to 
the 3 sets of spin-paired inner electrons such that it forms and unpaired 
orbitsphere at radius r n . 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner ten electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 

( Z-lO)e 2 



F <le= A _ 2 ! r (10.218) 



for r>r l0 . 

The spherically symmetrical closed 2p shell of eleven-electron 
atoms produces a diamagnetic force, F Aam ^ nrt . c , that is equivalent to that of 

a closed s shell given by Eq. (10.11) with the appropriate radii. The inner 
electrons remain at their initial radii, but cause a diamagnetic force 
according to Lenz's law that is 

t 

In addition to the spin-spin interaction between electron pairs, the 
three sets of 2p electrons are orbitally paired. The single s orbital of the 
sodium atom produces a magnetic field at the position of the three sets of 
spin-paired 2p electrons. In order for the electrons to remain spin and 
orbitally paired, a corresponding diamagnetic force, ^ diawa v*tKi* on electron 
eleven from the three sets of spin-paired electrons is given by 



IW* = - ~ A — , (10.219) 



F 

diamagnetic 



3 = J-^^l-^i r (10.220) 
\2m e r l0 ]m e r u 

corresponding to the p x and p y electrons with no interaction from the 
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orthogonal p. electrons (Eq. (10.84)). As demonstrated by Eqs. (7.6-7.15), 
the maintenance of the invariance of the electron's angular momentum of 

ft, mass to charge ratio, — , and corresponding magnetic moment of a 



Bohr magneton, }i By requires that the term in brackets is be replaced by 

— corresponding to the relativistic correction given by Eq. (7.14). Thus, 
Z 

Vdiomotneticl iS by 



F rfW /c 3 - ~ fi^OK (10.221) 

Z m e r u 

where the vector projection of the spin interaction of ^s(s + l) * s 

given by Eq. (7.15). 

The outward centrifugal force on electron 11 is balanced by the 

electric force and the magnetic forces (on electron 11). The radius of the 

outer electron is calculated by equating the outward centrifugal force to 

the sum of the electric (Eq. (10.218)) and diamagnetic (Eqs. (10.219) and 

(10.221)) forces as follows: 

mvfi (Z-10)* 2 h 2 r- — — 8ft 2 rr—n ~~~x 
V^ = h^7 — -rr Js(s + 1) - —3- Js(s + 1) (10.222) 

ft 1 

Substitution of v„ = (Eq. (1.56)) and s = - into Eq. (10.222) gives: 



m t r n 



(Z-lO)g 2 h 2 [3 8ft 2 [3 



m t r u A7CS 0 r u 4m t r n r w lA Tmj^A 
h 2 



(10.223) 



m 

r„ = 



" ( Z-10)e 2 h 2 [3 
4tte e 4m e r t0 V 4 



1i = — /=•» 'io m of a { 



(10.224) 



(Z - 10) - 




3 
4 



(10.225) 



4r u> 



Substitution of ^ = 0.56094 (Eq. (10.212) with Z = ll) into Eq. (10.225) 
gives 

^,=2.6543200 (10.226) 

The ionization energy of the sodium atom is given by the negative 
of E{electric) given by Eq. (10.102) with the appropriate charge and radius: 
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E{ionization\ Na) = -Electric Energy = < Z ~ 10 > g =5.12592 eV (10.227) 

8*Vh 

where ^,=2.6543200 (Eq. (10.226)) and Z = ll. The experimental ionization 
energy of the sodium atom is 5.13908 eV [3]. 

THE IONIZATION ENERGIES OF ELEVEN-ELECTRON ATOMS WITH 
A NUCLEAR CHARGE Z>11 

Eleven-electron atoms having Z>11 possess an external electric 
field given by Eq. (10.92). Since there is a source of dissipative, J#E of 
Eq. (10.27), the magnetic moments of the inner electrons may change due 
to the outer electron such that the energy of the eleven-electron atom is 
lowered. The orbital angular momenta of the paired p x and p y electrons 

give rise to the paramagnetic force given by Eq. (10.89) which is also 
equivalent to that given by Eq. (10.55): 

i Aft 2 

= ±-^4^»K (10.228) 

The diamagnetic force, T? diamagnelic 2 , due to a relativistic effect with an 
electric field for r>r n (Eq. (10.35)) may be determined by considering the 

corresponding force due to the binding of a 2p electron. It was shown in 
the Five-Electron Atom section, that F diamagnetic 2 for five through ten- 
electron atoms, is dependent on the amplitude of the orbital energy. 
Using the orbital energy with I = 1 (Eq. (10.90)), the energy m e Av 2 of Eq. 

(10.29) is reduced by the factor of ^"""^j due to t ^ ie contribution of the 

charge-density wave of the inner electrons at r 3 . Thus, ^ di(umgMticl is given 
by Eq. (10.93). Conversely, the binding of a 3s electron increases the 

energy m e Av 2 of Eq. (10.29) by the factor of ^1 + such that F^^ 2 
becomes 

F^ ! =-[|^|. + f)^.0V*TI)., (.0.229) 

In the case that Z>11, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.218)), diamagnetic (Eq. (10.229)), and paramagnetic (Eq. (10.228)) 
forces as follows: 

my* (Z-10)e 2 ft 2 r- r rr 4ft 2 

1. 4flE 0 r„ 4m /..1o ZwVh'io (10 230) 

8^ 2 r-, — r: ["Z-ll"lfi ^2 ^ r l0 h 2 f-, — tt- 

-- T Jj$TTj-\—— l + —\^-j\0js(s + l) 

Zm e r u LZ-10J^ 2 )m t r n 
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ft 1 

Substitution of v lt = (Eq. (1.56)) andj=- into Eq. (10.230) gives: 



m e r* 



(2 - 10)g 



II 

2 fc 2 



4m r r n / io ^ 4 ' Zm 



7i,^r l0 V4 Zmj'y* LZ-IOJ, 2 )m e r? t "V4 



The quadratic equation corresponding to Eq. (10.231) is 



(10.231) 



(Z-10)e : 
4tce. 



'"I 



(4 z)m € r„u) r " 




n 2 


L-i] 

Z 




f(Z-10)e 2 
[ 4«£„ 


( 1 4^ ft 2 [J] 



(10.232) 



n, — 



(Z-lO )g' 
4tte. 



The solution of Eq. (10.233) using the quadratic formula is: 



(10.233) 



r u = 









f * 


Z 






1 + ^ 4 












Z 




( (Z - 10)e 2 

I 47tE o 


(4 zjm^^u} 


f (Z-10> 2 












((Z-\0)e 2 


(4 z)™,/;,,'/^) 



(10.234) 
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W3 



) 




±a. 



20V3 



1 



1 + 



-a 




ii = 



(10.235) 



where r l0 is given by Eq. (10.212). The positive root of Eq. (10.235) must 

be taken in order that fj,>0. The radii of several eleven-electron atoms 
are given in Table 10.10. 

The ionization energies for the eleven-electron atoms with Z>11 
are given by the electric energy, E(electric), (Eq. (10.102) with the radii, r ll9 
given by Eq. (10.235)): 

(Z-10)e 2 



Eljonizatiori) = -Electric Energy = 



(10.236) 



S7t€ 0 r u 

Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured eleven-electron atoms are given in 
Table 10.10. 



1 
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lie 

Atom 



Na 
Mg* 

Al 2 * 
Si 3 * 
P 4 * 
S 5+ 

C/ 6+ 
Ar 7 * 
K*+ 
Ca 9 * 
Sc ,0+ 

Ti"+ 
V 12+ 

Cr ,3+ 
Mn i4 * 

Co ,6+ 
M ,7+ 
C« 18+ 
Zh ,9+ 



11 0.09213 

12 0.08435 

13 0.07778 

14 0.07216 

15 0.06730 

16 0.06306 

17 0.05932 

18 0.05599 

19 0.05302 

20 0.05035 

21 0.04794 

22 0.04574 

23 0.04374 

24 0.04191 

25 0.04022 

26 0.03867 

27 0.03723 

28 0.03589 

29 0.03465 

30 0.03349 



r 3 

0.40853 
0.37065 

0.33923 
0.31274 
0.29010 
0.27053 
0.25344 

0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0.14424 
0.13925 



r w 

K) 



0.560945 
0.510568 

0.456203 
0.409776 
0.371201 
0.339025 
0.311903 
0.288778 
0.268844 
0.251491 
0.236251 
0.222761 
0.210736 
0.19995 
0.19022 
0.181398 
0.173362 
0.166011 
0.159261 
0.153041 



'I! 

2.65432 
1 .74604 

1 .47399 
1.25508 
1.08969 
0.96226 
0.86151 
0.77994 
0.71258 
0.65602 
0.60784 
0.56631 
0.53014 
0.49834 
0.47016 
0.44502 
0.42245 
0.40207 
0.38358 
0.36672 



Theoretical 
Ionization 

Energies e 

(eV) 
5.12592 
15.5848 

27.6918 

43.3624 

62.4299 
84.8362 

110.5514 
139.5577 
171.8433 
207.3998 
246.2213 
288.3032 
333.6420 
382.2350 
434.0801 
489.1753 
547.5194 
609.1111 
673.9495 
742.0336 



Experimenta 
1 Ionization 

Energies f 



Relative 
Error 8 



(eV) 




5.13908 


0.0026 


15.03528 


-0.0365 


28.44765 


0.0266 


45.14181 


0.0394 


65^0251 


0.0399 


88.0530 


0.0365 


114.1958 


0.0319 


143.460 


0.0272 


175.8174 


0.0226 


211.275 


0.0183 


249.798 


0.0143 


291.500 


0.0110 


336.277 


0.0078 


384.168 


0.0050 


435.163 


0.0025 


489.256 


0.0002 


546.58 


-0.0017 


607.06 


-0.0034 


670.588 


-0.0050 


738 


-0.0055 



a Radius of the first set of paired inner electrons of eleven-electron atoms from Eq. (10.51). 
b Radius of the second set of paired inner electrons of eleven-electron atoms from Eq. 
(10.62). 

c Radius of three sets of paired inner electrons of eleven-electron atoms from Eq. (10.212)). 
d Radius of unpaired outer electron of eleven-electron atoms from Eq. (10.235)) for Z>11 
and Eq. (10.226) for Na. 

e Calculated ionization energies of eleven-electron atoms given by the electric energy (Eq. 
(10.236)). 

f From theoretical calculations, interpolation of isoelectronic and spectral series, and 

experimental data [2-3]. 
9 (Experimental-theoreticalVexperimentai. 

The agreement between the experimental and calculated values of 
Table 10.10 is well within the experimental capability of the 
spectroscopic determinations including the values at large Z which relies 
on X-ray spectroscopy. In this case, the experimental capability is three 
to four significant figures which is consistent with the last column. The 
sodium atom isoelectronic series is given in Table 10.10 [2-3] to much 
higher precision than the capability of X-ray spectroscopy, but these 
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values are based on theoretical and interpolation techniques rather than 
data alone. Ionization energies are difficult to determine since the cut-off 
of the Rydberg series of lines at the ionization energy is often not 
observed, and the ionization energy must be determined from theoretical 
calculations, interpolation of Na isoelectronic and Rydberg series, as well 
as direct experimental data. 

TWELVE-ELECTRON ATOMS 

Twelve-electron atoms can be solved exactly using the results of 
the solutions of one, two, three, four, five, six, seven, eight, nine, ten, and 
eleven-electron atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 
THE MAGNESIUM ATOM 

For each eleven-electron atom having a central charge of Z times 
that of the proton, there are two indistinguishable spin-paired electrons 
in an orbitsphere with radii r x and r 2 both given by Eq. (7.19) (Eq. 
(10.51)), two indistinguishable spin-paired electrons in an orbitsphere 
with radii r 3 and r 4 both given by Eq. (10.62), three sets of paired 
electrons in an orbitsphere at r l0 given by Eq. (10.212), and an unpaired 
electron in an orbitsphere at r u . For Z>12, the next electron which binds 
to form the corresponding twelve-electron atom is attracted by the 
central Coulomb field and the spin-pairing force with the unpaired 3s 
inner electron and is repelled by diamagnetic forces due to the 3 sets of 
spin-paired inner electrons such that it forms and unpaired orbitsphere 
at radius r n . 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner eleven electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 

= (Z-liy 2 | (10.237) 

for r>r n . 

The outer electron which binds to form the corresponding twelve- 
electron atom becomes spin-paired with the unpaired inner electron such 
that they become indistinguishable with the same radius r n =/j 2 
corresponding to a filled 3s shell. The corresponding spin-pairing force 

K ag is g^ 11 fe y E q- ( 7 15 > : 

(10.238) 

Z m e r n 

The spherically symmetrical closed 2p shell of twelve-electron 



F^,,*=-- —J^^VK (10.239) 
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atoms produces a diamagnetic force, V diamagnetic , that is equivalent to that of 

a closed s shell given by Eq. (10.11) with the appropriate radii. The inner 
electrons remain at their initial radii, but cause a diamagnetic force 
according to Lenz's law that is 

A 2 

4mrf 2 r l0 

In addition to the paramagnetic spin-pairing force between the 
eleventh electron initially at radius r n , the pairing causes the diamagnetic 
interaction between the outer electrons and the inner electrons given by 
Eq. (10.11) to vanish, except for an electrodynamic effect for Z>12 
described in the Two-Electron Atoms section, since upon pairing the 
magnetic field of the outer electrons becomes zero. Using Eq. (10.55), 
^ma g 2 due to the three 2p orbitals is given by: 

W = !-^V^^ir (10.240) 

In addition to the spin-spin interactions between electron pairs, the 
three sets of 2p electrons are orbitally paired. The s electrons of the 
magnesium atom produce a magnetic field at the position of the three 
sets of spin-paired 2p electrons. In order for the electrons to remain spin 
and orbitally paired, the corresponding diamagnetic force, V diamagnetic 3 (Eq. 

(10.221)), on electron twelve from the three sets of spin-paired electrons 
is given by 

^sn,,* 3 = -^^tMs+W* (10.241) 

corresponding to the p x7 p y , and p z electrons. 

The outward centrifugal force on electron 12 is balanced by the 
electric force and the magnetic forces (on electron 12). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.237)), diamagnetic (Eqs. (10.239) and 
(10.241)) and paramagnetic (Eqs. (10.238) and (10.240)) forces as 
follows: 

m e V 2 n (Z-ll)e 2 H 2 r- r - 3ft 2 r-, rr 

+ ^_VJ(7Ti) 

ft 1 
Substitution of v 12 = (Eq. (1.56)) and s = — into Eq. (10.242) gives: 

m e r n 

* 2 (Z-ll)e 2 h* |3 . 3fi z /3 12/i 2 /3 . h 2 /3 (1Q 243 ) 



(10.242) 



m J\i 4^e c fj2 ^ m Jvi r \o » 4 Zm e r 2 2 r l0 "V 4 Zm e r ]2 ^ 4 Tmjr^ "V 4 
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m. 



1 + 




47t£„ U Z)m e r t0 i4 



r ,2 = 




(10.244) 



, r, 0 in units of Of, 



(10.245) 



Substitution of ^- = 0.51057 (Eq. (10.212) with Z = 12) into Eq. (10.245) 
gives 

r 12 = 1.79386a 0 (10.246) 
The ionization energy of the magnesium atom is given by the 
electric energy, E(electric), (Eq. (10.102) with the radius, r 12 , given by Eq. 

(10.246)): 

(10.247) 



E(ionization\ Mg) = -Electric Energy = ( ^ U)g « 7.58467 eV 

S7te o r l2 



where ^ = 1.7938600 (Eq. (10.246)) and Z=12. The experimental ionization 
energy of the magnesium atom is 7.64624 eV [3]. 

THE IONIZATION ENERGIES OF TWELVE-ELECTRON ATOMS WITH 
A NUCLEAR CHARGE Z>12 

Twelve-electron atoms having Z>12 possess an external electric 
field given by Eq. (10.92). Since there is a source of dissipative, J»E of 
Eq. (10.27), the magnetic moments of the inner electrons may change due 
to the outer electron such that the energy of the twelve-electron atom is 
lowered with conservation of angular momentum. Of the possible forces 
based on Maxwell's equations, those which give rise to an energy 
minimum are used to calculated the atomic radii and energies. With this 
constraint, the only paramagnetic force is that given by Eq. (10.89) due to 
the spin angular momenta of the paired 2p x > p y , and p z electrons 

interacting with equivalently with each of the 3s electrons. This force 
which is also equivalent to that given by Eq. (10.145) is: 

(10.248) 



F^ 2 = 4-^V^l)ir 

Z m m r t .r u 



V12M0 
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From Eq. (10.229), the diamagnetic force, ¥ diamagnetie2% due to a 
relativistic effect with an electric field for r>r l2 (Eq. (10.35)) is 



diamagnetic 2 



(10.249) 



In the case that Z>12, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.237)), diamagnetic (Eq. (10.249)), and paramagnetic (Eq. (10.248)) 
forces as follows: 



(Z-ll)e : 
4xe e fi 



4m e r n r l0 



■Js(s + 1) + 



(10.250) 



tl 1 

Substitution of v l2 = (Eq. (1.56)) and s = - into Eq. (10.250) gives: 



m e r n 



(2-ll)e : 
4™A 



4m t r 2 2 r w 




3 

4 + Zm 



6h 2 (3 _ [ Z-12 Y 1 Vl^oft 2 
vfool* Lz-llJ, 2 JwvS 



1 ><»-'! 



The quadratic equation corresponding to Eq. (10.251) is 

^ 4ke o U Z)m e r i0 i4)" m e 12 Lz-llJ, 2 J m ( 



(10.251) 



* ,oJ2=o 



(10.252) 



.2 n± r LZ-llA 2jm t j_4 

y 4m o U z)m t r t j4) { 4m o \4 Zjm^A) 



The solution of Eq. (10.253) using the quadratic formula is: 



(10.253) 



I2 = 



ft 2 


If - T 


((Z-U)e 2 (I 6\ h 2 [J] 
[{ 4jce o \4 Zjm t r t0 i4)) 


((Z-U)e 2 f\ 6\ h 2 ft} 
{ 4ne c U Z)m e r w i4) ^ 


LZ-llA 2 ) m e V4 


UZ-ll)e 2 (1 6\ ft 2 f3\ 
{ 4ne a U z)m e r, 0 i4) 



(10.254) 
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a. 



1 



20^3 



I 



1 + 



V2 




r i2 = 



H'>-(B)f) 



(10.255) 



r ]0 in units of a 0 

where r l0 is given by Eq. (10.212). The positive root of Eq. (10.255) must 
be taken in order that r l2 >0. The radii of several twelve-electron atoms 
are given in Table 10.11. 

The ionization energies for the twelve-electron atoms with Z>12 
are given by the electric energy, E{electric) y (Eq. (10.102) with the radii, r 12 , 
given by Eq. (10.255)): 

(Z - 1 l)e 2 



E(Ionizatiori) = -Electric Energy = 



Sxe o r ]2 



(10.256) 



Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured twelve-electron atoms are given in 
Table 10.11. 
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12 e 


Z 


Atom 




Mg 


12 


Al* 


13 


Si 2 * 


14 


pi* 


15 


s 4 * 


16 


Cl s + 


17 


Ar 6 * 


IS 


K 7 * 


19 


Ca 8+ 


20 


5c' + 


21 




22 


ytl* 


23 


Cr ,I+ 


24 


Afn ,3+ 


25 


Fe u * 


26 


Co 15 * 


27 


Ni ,6+ 


28 


C« ,7+ 


29 


Zn ,8+ 


30 



0.08435 
0.07778 
0.07216 
0.06730 
0.06306 
0.05932 

0.05599 
0.05302 
0.05035 
0.04794 
0.04574 
0.04374 
0.04191 
0.04022 
0.03867 
0.03723 
0.03589 
0.03465 
0.03349 



r 3 

K) b 

0.37065 
0.33923 
0.31274 

0.29010 
0.27053 
0.25344 

0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0. 14424 
0.13925 



0.51057 
0.45620 
0.40978 

0.37120 
0.33902 

0.31190 
0.28878 
0.26884 
0.25149 
0.23625 
0.22276 
0.21074 
0.19995 
0.19022 
0.18140 
0.17336 
0.16601 
0.15926 
0.15304 



r i2 

1 .79386 
1.41133 
1.25155 

1 .09443 
0.96729 
0.86545 
0.78276 
0.71450 
0.65725 
0.60857 
0.56666 
0.53022 
0.49822 
0.46990 
0.44466 
0.42201 
0.40158 
0.38305 
0.36617 



Theoretical 
Ionization 

Energies e 

(eV) 
7.58467 

19.2808 

32.6134 

49.7274 

70.3296 

94.3266 

121.6724 

152.3396 

186.3102 

223.5713 

264.1138 

307.9304 

355.0157 

405.3653 

458.9758 

515.8442 

575.9683 

639.3460 

705.9758 



Experimental 
Ionization 

Energies f 

(eV) 
7.64624 

18.82856 

33.49302 

51.4439 
72.5945 

97.03 
124.323 
154.88 
188.54 
225.18 
265.07 
308.1 
354.8 
403.0 

457 
511.96 
571.08 

633 

698 



Relative 
Errors 

0.0081 

-0.0240 

0.0263 

0.0334 

0.0312 

0.0279 

0.0213 

0.0164 

0.0118 

0.0071 

0.0036 

0.0006 

-0.0006 

-0.0059 

-0.0043 

-0.0076 

-0.0086 

-0.0100 

-0.0114 



a Radius of the first set of paired inner electrons of twelve-electron atoms from Eq. (10.51). 

b Radius of the second set of paired inner electrons of twelve-electron atoms from Eq. 
(10.62). 

c Radius of three sets of paired inner electrons of twelve-electron atoms from Eq. (10.212)). 

d Radius of paired outer electrons of twelve-electron atoms from Eq. (10.255)) for Z>12 
and Eq. (10.246) for Mg. 

e Calculated ionization energies of twelve-electron atoms given by the electric energy (Eq. 
(10.256)). 

' From theoretical calculations, interpolation of isoelectronic and spectral series, and 

experimental data [2-3]. 
9 (Experimental-theoreticaD/experimental. 

The agreement between the experimental and calculated values of 
Table 10.11 is well within the experimental capability - of the 
spectroscopic determinations including the values at large Z which relies 
on X-ray spectroscopy. In this case, the experimental capability is three 
to four significant figures which is consistent with the last column. The 
magnesium atom isoelectronic series is given in Table 10.11 [2-3] to 
much higher precision than the capability of X-ray spectroscopy, but 
these values are based on theoretical and interpolation techniques rather 
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than data alone. Ionization energies are. difficult to determine since the 
cut-off of the Rydberg series of lines at the ionization energy is often not 
observed, and the ionization energy must be determined from theoretical 
calculations, interpolation of Mg isoelectronic and Rydberg series, as well 
as direct experimental data. 

3P-ORBITAL ELECTRONS BASED ON AN ENERGY MINIMUM 

For each thirteen through eighteen-electron atom having a central 
charge of Z times that of the proton, there are two indistinguishable 
spin-paired electrons in an orbitsphere with radii r x and r 2 both given by 
Eq. (7.19) (Eq. (10.51)), two indistinguishable spin-paired electrons in an 
orbitsphere with radii r 3 and r 4 both given by Eq. (10.62), three sets of 

paired electrons in an orbitsphere at r }0 given by Eq. (10.212), and two 
indistinguishable spin-paired electrons in an orbitsphere with radii r n 
and r n both given by Eq. (10.255). For Z>12, the next electron which 
binds to form the corresponding n-electron atom (13£n<18) is attracted 
by the central Coulomb field and is repelled by diamagnetic forces and 
attracted by paramagnetic forces due to the 3 sets of spin-paired inner 
2p electrons and two spin-paired inner 3s electrons such that it forms an 
orbitsphere comprising all of the 3p electrons at radius r n . The resulting 

electron configuration is ls 2 2s 2 2p 6 3s 2 3p n ~ ]2 . 

The central Coulomb force, F w ,, acts on the outer electron to cause it 

to bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner n-1 electrons is given by Eq. (10.70): 

F -» = (Z "4«"r' ))C ' '- O0 - 257) 
for r>r n _ x where n corresponds to the number of electrons of the atom 

and Z is its atomic number. In each case, the magnetic field of the 
binding outer electron changes the angular velocities of the inner 
electrons. However, in each case, the magnetic field of the outer electron 
provides a central Lorentzian force which exactly balances the change in 
centrifugal force because of the change in angular velocity [1]. The inner 
electrons remain at their initial radii, but cause a diamagnetic force 
according to Lenz's law. 

As shown in the 2P-Orbital Electrons Based on an Energy Minimum 
section the quantum numbers £-1 m = ±1 and £-1 m=0 correspond to 
spherical harmonics solutions, Y e m (6 9 <f>) 9 of Laplace's equation designated 
the 2p x9 2p y , and 2p t orbitals, respectively. Similarly, for 13<n<18, the 

energy may be lowered by filling 3p orbitals in the same manner to 
achieve an energy minimum relative to other configurations and 
arrangements. In general, a nonuniform distribution of charge achieves 
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an energy minimum with the formation of a fifth shell due to the 
dependence of the magnetic forces on the nuclear charge and orbital 
energy (Eqs. (10.70), (10.258-10.264), and (10.268)). The outer electrons 
of atoms and ions that are isoelectronic with the series aluminum through 
argon half-fill a 3p level with unpaired electrons at phosphorous, then fill 
the level with paired electrons at argon. 

Similarly to the case of the 2p orbitals, spherical harmonic charge- 
density waves may be induced in the inner electron orbitspheres with 
the addition of one or more outer electrons to the 3p orbitals. An energy 
minimum is achieved when the thirteenth through eighteenth electrons 
of each thirteen through eighteen-electron atom fills a 3p orbital with the 
formation of orthogonal complementary charge-density waves in the 
inner shell 2p and 3s electrons. To maintain the symmetry of the central 
charge and the energy minimum condition given by solutions to Laplace's 
equation (Eq. (10.72)), the charge-density waves on electron orbitspheres 
at r i0 and r I2 complement those of the outer orbitals when the outer 3p 

orbitals are not all occupied by at least one electron, and the 
complementary charge-density waves are provided by electrons at r l2 
when this condition is met. In the case of the 3p electrons, an exception 
to the trends in 2p orbital forces arises due to the interaction between 
the 2p, 3s, and 3p electrons due to magnetic fields independent of 
induced complementary charge-density waves. The spin and angular 
momenta of the 2p electrons give rise to corresponding magnetic fields 
that interact with the two 3s electrons. The filled 2p orbitals with the 
maintenance of symmetry according to Laplace's equation (Eq. (10.72)) 
requires that the 2p as well as the 3s electrons contribute forces to the 
3p electrons due to the electrons at r w acing on the electrons at r l2 which 

complies with the reactive force, F <Cflmo ^ lfc2 , having the factor + an< * 

given by Eq. (10.229). 

The total orbital contribution to the diamagnetic force, ^ diamagnetic y 

given by Eq. (10.82) is: 

— --? ( 2^x£%4k (,o - 258) 

where the contributions from orbitals having |m|=l add positively or 
negatively. From Eq. (10.204), the diamagnetic force, F rf£fl/na ^., 

contribution from the 2p electrons is given by the sum of the 
contributions from the p x > p yJ and p z orbitals corresponding to m = 1, -1, 

and 0, respectively: 

Hf+H^^Hfkk^'- (l0259) 
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where r l2 is given by Eq. (10.255). Due to the 2p-3s-3p interaction, the 3s 
electrons provide spin or orbital angular momentum in order conserve 
angular momentum of the interacting orbitals. In the case that an energy 
minimum is achieved with 3s orbital angular momentum, the 
diamagnetic force, F rffflmflgntf , /C , contribution is given by Eqs. (10.82) and 
(10.258) where m = 1, -1, or 0 corresponding to induced charge-density 
waves. The contribution from the 3s orbital is added to the contributions 
from the 3p and the 2p orbitals until the 3p orbitals are at least half 
filled. Then the diamagnetic force is only due to 3p and 3s electrons 
since the induced charge-density waves only involve the inner-most 

shell, the 3s orbital. 

As given by Eq. (10.89), the contribution of the orbital angular 
momentum of an unpaired 3p electron to the paramagnetic force, F^, is 

F^4^V^l)* r < 10 - 260 > 

Each outer 3p electron contributes spin as well as orbital angular 
momentum. The former gives rise to spin pairing to another 3p electron 
when an energy minimum is achieved. In the case that the orbital 
angular momenta of paired 3p electrons cancel, the contribution to F^^ 
due to spin alone given by Eq. (10.83) is equivalent to that due to orbital 
angular momentum alone (Eq. (10.260)). Due to the 2p-3s-3p interaction, 
the 3s electrons can also provide a paramagnetic force, F^, contribution 
given by Eqs. (10.82) and (10.260) due to spin angular momentum 
corresponding to induced charge-density waves. 

N-electron atoms having Z>n possess an electric field given by Eq. 
(10.92) for r>r n . Since there is a source of dissipative, J*E of Eq. (10.27), 
the magnetic moments of the inner electrons may change due to the 
outer electron such that the energy of the n-electron atom is lowered. 
^diamagnetic* is g iven b Y E( l s - ( 10 - 82 ) and (10.258). Due to the 2p-3s-3p 
interaction, the 2p level contributes to the forces even when the filling of 
the 3p level is half or greater, and the 3s electrons may provide orbital 
angular momentum in order conserve angular momentum of the 
interacting orbitals. In the case that an energy minimum is achieved 
with 3s orbital angular momentum, the diamagnetic force, 

^diamagnetic > 

contribution is given by Eqs. (10.82) and (10.258) where m = 1, -1, or 0 
corresponding to induced charge-density waves. The contribution from 
the 3s orbital is added to the contributions from the 3p and the 2p 
orbitals. 

Due to the 2p-3s-3p interaction with Z>n, ¥ Mg2 has a contribution 
from the 2p, 3s, and 3p orbitals. The filled 2p orbitals with the 
maintenance of symmetry according to Eq. (10.72) requires that the 
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diamagnetic force, F mag2 , contribution is 

F ma ,2=(4 + 4 + 4)l-^V^(^ (10.261) 

corresponding to the spin and orbital angular momenta of the paired 2p x , 

p yi and p z electrons (Eq. (10.205)). The 3s electrons can provide a F^ 2 
contribution of 

F ^ 2= 7^^^^^ (10.262) 

Z m e r n r n 

corresponding to coupling to the spin and induced orbital angular 
momentum wherein the orbitals interact such that this contribution 
superimposes negatively or positively to the contributions from the 2p 
and 3p orbitals. Each outer 3p electron contributes spin as well as orbital 
angular momentum. Each unpaired 3p electron can spin and orbitally 
pair with a 2p orbital. The corresponding force, F^ 2 , contribution given 

by Eq. (10.84) is: 

F ^ 2= 7T7^^^^ (10.263) 

Z m e r n r \2 

The 3p electrons spin-pair upon further filling of the 3p orbital. Two 
spin-paired 3p electrons interacting with two spin-paired 2p orbital 
electrons double the corresponding force, F 2 , contribution: 

F ™,2 = ^-^-J*s^T)K ( 1 0.264) 

Z m e r n r i2 

The sum of the magnitude of the angular momentum of the electron 
is ft in any inertial frame and is relativistically invariant. The vector 
projections of the orbitsphere spin angular momentum relative to the 
Cartesian coordinates are given in the Spin Angular Momentum • of the 

Orbitsphere with 1=0 section. The magnitude of the z-axis projection of 
the spin angular momentum, |Lj, the moment of inertia about the z-axis, 
7 t , and the rotational energy about the z-axis, E munUmal ^ given by Eqs. 
(1.78-1.82) are 

W = /-^T = | (10.265) 



my 2 

I = J - m e r n 2 
J Z 'spin 0 



(10.266) 




E rotational ~ ^ rotational spin ~ ^ I ^ , | "* A \ 2 | (10.267) 



N-electron atoms having Z>n possess an electric field given by Eq. 
(10.92) for r>r n . Since there is a source of dissipative, J*E of Eq. (10.27), 

the magnetic moments of the inner electrons may change due to the 
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outer electron such that the energy of the n-electron atom is lowered. As 
shown in the P-Orbital Electrons Based on an Energy Minimum section for 
F eiven bv Eq. (10.93), the corresponding diamagnetic force for 2p 

M diamagnetic 2 O _ . u r" 

electrons, F dkmagnelie2 , due to a relativistic effect with an electric field for 
r>r (Eq. (10.35)) is dependent on the amplitude of the orbital energy. 
Using the orbital energy with £ = l (Eq. (10.90)), the energy m,Av 2 of Eq. 

(10.29) is reduced by the factor of ^-^J due to the contribution of the 

charge-density wave of the inner electrons at r 12 . In addition, the two 3s 
electrons contribute an energy factor based on Eq. (1.82) since the : filled 
2p orbitals with the maintenance of symmetry according to Eq. (10.72) 
requires that the diamagnetic force is due to the electrons at r 10 acing on 
the electrons at r n which complies with the reactive force, F diamagnttic2 , given 
by Eq. (10.229). Thus, for 3p electrons with Z>n is given by 



x d\amn%neii 



= J Z ~ n Ti - ^ + ll54iO^Ti)i r (10.268) 
* 2 \Z-{n-\)l 2 2)m/ K 



The total diamagnetic and paramagnetic forces are given as the sum 
over the orbital and spin angular momenta that may add positively or 
negatively while maintaining the conservation of angular momentum. Of 
the possible forces based on Maxwell's equations, those which give rise to 
an energy minimum are used to calculated the atomic radii and energies. 
In general, an energy minimum is achieved by minimizing 

^diamagnetic W 1 C 

maximizing with conservation of angular momentum. 

Using the forces given by Eqs. (10.257-10.264), (10.268), and the 
radii r 12 given by Eq. (10.255), the radii of the 3p electrons of all thirteen 
through eighteen-electron atoms may be solved exactly. The electric 
energy given by Eq. (10.102) gives the corresponding exact ionization 
energies F efe and F,^, given by Eqs. (10.257) and (10.268), 
respectively, are of the same form for all atoms with the appropriate 
nuclear charges and atomic radii. F^^ given by Eq. (10.258) and F^, 
given by Eqs. (10.260-10.264) are of the same form with the appropriate 
factors that depend on the minimum-energy electron configuration. The 
general equation and the summary of the parameters that determine the 
exact radii and ionization energies of all thirteen through eighteen- 
electron atoms are given the General Equation For The Ionization Energies 
of Thirteen Through Eighteen-Electron Atoms section and in Table 10.18. 

■ 

THIRTEEN-ELECTRON ATOMS 

Thirteen-electron atoms can be solved exactly using the results of 
the solutions of one, two, three, four, five, six, seven, eight, nine, ten, 



.1 
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eleven, and twelve-electron atoms. 

RADIUS AND IONIZATION ENERGY OF THE OUTER ELECTRON OF 

THE ALUMINUM ATOM 

For each twelve-electron atom having a central charge of Z times 
that of the proton, there are two indistinguishable spin-paired electrons 
in an orbitsphere with radii r, and r 2 both given by Eq. (7.19) (Eq. 
(10 51)), two indistinguishable spin-paired electrons in an orbitsphere 
with radii r 3 and r 4 both given by Eq. (10.62), three sets of paired 
electrons in an orbitsphere at r 10 given by Eq. (10.212), and two 
indistinguishable spin-paired electrons in an orbitsphere with radii r„ 
and r n both given by Eq. (10.255). For Z£13, the next electron which 
binds to form the corresponding thirteen-electron atom is attracted by 
the central Coulomb field and is repelled by diamagnetic forces due to the 
3 sets of spin-paired inner 2p electrons and two spin-paired inner 3s 
electrons such that it forms and unpaired orbitsphere at radius r 13 . The 
resulting electron configuration is ls 2 2s 7 2p 6 3s 2 3p\ and the orbital 

arrangement is 
3p state 

1 (10.269) 

1 0 -1 

corresponding to the ground state 2 P° 2 . 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner twelve electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 

• (Z-12)e 2 (10.270) 

for r>r 12 . 

As in the case of the boron atom given in the Five-Electron Atom 
section, the single p orbital of the aluminum atom produces a diamagnetic 
force equivalent to that of the formation of an s orbital due to the 
induction of complementary and spherically symmetrical charge-density 
waves on electron orbitspheres at r m and r )2 in order to achieve a solution 
of Laplace's equation (Eq. (10.72)). The inner electrons remain at their 
initial radii, but cause a diamagnetic force according to Lenz's law that is 
given by Eq. (10.96) with the appropriate radii. In addition, the 
contribution of the diamagnetic force, F^^, due to the 2p electrons is 
given by Eqs. (10.105) and (10.259) as the sum of the contributions from 
the p x , p y , and Pt orbitals corresponding to m = 1, -1, and 0, respectively. 
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Thus, is given by 

W.=^ + f + |4)^V^i r =^)^V^i r ■ (10.271) 

The charge induction forms complementary mirror charge-density 
waves which must have opposing angular momenta such that momentum 
is conserved. In this case, F mfl ^ 2 given by Eq. (10.260) is zero: 

F^ 2 -0 (10.272) 

The outward centrifugal force on electron 13 is balanced by the 
electric force and the magnetic force (on electron 13). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.270)) and diamagnetic (Eq. (10.271)) 
forces as follows: 

, -n' 

ft 1 

Substitution of v l3 = (Eq. (1.56)) and s = — into Eq. (10.273) gives: 

m t r n 2 



_ (Z-12)e 2 lift 2 (3 



m,r l3 4*^ 12m^r 12 l/4 



(10.274) 



*i 3 =7 2 j=^, r, 2 in units of (10.275) 

11,1- 

(Z _ 12 ) 1± 

I2r l2 

Substitution of -^ = 1.41133 (Eq. (10.255) with Z = 13) into Eq. (10.275) 
gives 

r n = 2.28565a 0 (10.276) 
The energy stored in the electric field of the aluminum atom, 

E(electric), is given by Eq. (10.102) with the appropriate with the radius, 

rj 3 , given by Eq. (10.276)): 

E(electric); Al) = - < Z ~ 12 ) g = 5.95270 e V (10.277) 

where r 13 = 2.28565a 0 (Eq. (10.276)) and Z = 13. The ionization energy is 
given by the sum of the electric energy and the energy corresponding to 
the change in magnetic-moments of the inner shell electrons. Since there 
is no source of dissipative power, J*E of Eq. (10.27), to compensate for 
any potential change in the magnetic moments, Am, of the inner electrons 
due to the ionization of the outer electron of the aluminum atom, there is 
a diamagnetic energy term in the ionization energy for this atom that 
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follows from the corresponding term for the lithium atom given by Eqs. 
(10.15-10.24), with Z = 13, r l2 given by Eq. (10.255), and r„ given by Eq. 
(10.276). Thus, the change in magnetic energy of the inner orbitsphere 
at r l2 is 76.94147 %, so that the corresponding energy AE^ is 

AE = 0.7694147 X 0.04069938 eV = 0.0313147 eV ( 1 0.278) 

mag 

where the magnetic energy of the inner electrons is 0.04069938 eV (Eqs. 
(10.64) and (10.276)). Then, the ionization energy of the aluminum atom 
is given by Eqs. (10.276-10.278): 

( Z 1 2)^^ 

E(ionization\ At) = — + A£ ** g (10.279) 

= 5.95270 e V + 0.03 1 3 1 5 e V = 5.98402 e V 
The experimental ionization energy of the boron atom is 5.98577 eV [3]. 

THE IONIZATION ENERGIES OF THIRTEEN-ELECTRON ATOMS 
WITH A NUCLEAR CHARGE Z>13 

Thirteen-electron atoms having Z>13 possess an external electric 
field given by Eq. (10.92). In this case, an energy minimum is achieved 
with conservation of momentum when the orbital angular momentum is 
such that V diamagnetic is minimized while is maximized. From Eq. 

(10.258), the diamagnetic force, F dhmagnetic , is given by the sum of the 

contributions from the 2p x , p v , and p z orbitals corresponding to m = 1, -1, 

and 0, respectively: 

= 'ih \ + ^-r^V^l* = 4f V^V^^i, ( 1 0.280) 

wherein the contribution due to the 3p x (m = 1) is canceled by the mirror 
charge-density wave with m = -1 induced in the 3s orbital according to 
Eq. (10.258). 

With Z>13, the charge induction forms complementary mirror 
charge-density waves such that the angular momenta do not cancel. The 
filled 2p orbitals with the maintenance of symmetry according to Eq. 
(10.72) requires that the diamagnetic force is due to the electrons at r 10 
acing on the electrons at r l2 which complies with the reactive force, 
^diamagnetic 2 » given by Eq. (10.249). From Eq. (10.261), ¥ aag2 is 

F^a - (4 + 4 ^^J*^^ - Y^r^^ < 1 0 28 1 > 

Z m e r n r l2 Z m e r^r X2 

corresponding to the spin and orbital angular momenta of the paired 2p x , 
p 9 and p electrons wherein the contribution due to the 3p x (m = 1) is 
canceled by the mirror charge-density wave with m = -1 induced in the 
3s orbital according to Eq. (10.262). 

The diamagnetic force, V dbmagmtk29 due to the binding of the 3p-orbital 



F 

diamagneti 
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electron having an electric field outside of its radius is given by Eq. 
(10.268): 



diomagnetic 



r z-i3 " 
fc2 Lz-12. 



V 2 



(10.282) 



In the case that Z>13, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.270)) and diamagnetic (Eqs. (10.280) and (10.282)), and 
paramagnetic (Eq. (10.281)) forces as follows: 

Js(s + i) + — j — js(s + 1) 



m * v l3 _ 



(Z-12)e : 



Ylm t r n r n 



Zm e r l3 r n 



T Z-13 " 
LZ-12_ 



v 2 



(10.283) 



tl 1 

Substitution of v !3 = — — (Eq. (1.56)) and j = — into Eq. (10.283) gives: 

2 



m e r M 



m e r l3 



(Z - 12) e : 



5ft' 



2 
3 



12m e r 13 /j 2 



4 + Zm 



■V!j»!2 V 4 LZ-12 J, 2 2j/;X ^[4 



The quadratic equation corresponding to Eq. (10.284) is 
(Z-12)e 2 (5 \2\ h 2 [3 } 2 ft 2 fZ-13Y, -J2 



r 2 -- 



U2 Z)m,r n \4) n m ( 13 LZ-12j^ 2 2 J /«, 

r z-i3 Y l V2 | 1 w 

LZ-12^ 2 2j m. 



ft 2 



m. 



(10.284) 



' ,0.11=0 

(10.285) 
■lOjf 



(Z-12)g- 

4TC£„ 



(5 \2\ ft 2 (J^ 3 f (Z-12)e 2 (5 12\ h 2 [3\ 
ll2 Z)m e r n i4) [ 4ne o {l2 z)m e r n ^4j 



= 0 



The solution of Eq. (10.286) using the quadratic formula is: 



(10.286) 



r i3 





f 


ft 2 
m e 




({Z-\2)e 2 | 


r 5 \2\ ti 2 [3} 
J2 z)m e r 12 l4)) 


((Z-I2)e 2 (5 12} h 2 

{ 4ne o ll2 Z)m e r n i4) 1 

1 


tfrz-ui 

M m e Lz-12j 
f(Z-12)e 2 

V 47K <, 


(5 \2\ h 2 [J] 
K12 Z)m t r n i4) 



(10.287) 
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i a, 



13 = 




(10.288) 



aj 2 in unite o/Oq 

where /; 2 is given by Eq. (10.255). The positive root of Eq. (10.288) must 
be taken in order that r I3 >0. The radii of several thirteen-electron atoms 

are given in Table 10.12. 

The ionization energies for the thirteen-electron atoms with Z>13 
are given by the electric energy, E(electric), (Eq. (10.102) with the radii, r l3 , 

given by Eq. (10.288)): 

(Z-12)e 2 



E(Ionizatiori) = -Electric Energy = 



8^3 



(10.289) 



Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured thirteen-electron atoms are given 
in Table 10.12. 
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Table 10.12. Ionization energies for some thirteen-electron atoms. 



13e 
Atom 



r 3 



10 



Al 

Si* 
P 2 * 

or 

Ar 5 * 
Ca 1 * 

Ti'+ 

o ,,+ 

Mn u * 

Fe n * 

Co' 4+ 

M ,5+ 

C« ,6+ 

Zn ,7+ 



13 0.07778 

14 0.07216 

15 0.06730 

16 0.06306 

17 0.05932 

18 0.05599 

19 0.05302 

20 0.05035 

21 0.04794 

22 0.04574 

23 0.04374 

24 0.04191 

25 0.04022 

26 0.03867 

27 0.03723 

28 0.03589 

29 0.03465 

30 0.03349 



0.33923 
0.31274 

0.29010 
0.27053 

0.25344 
0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0.14424 
0.13925 



0.45620 
0.40978 

0.37120 
0.33902 

0.31190 
0.28878 
0.26884 
0.25149 
0.23625 
0.22276 
0.21074 
0.19995 
0.19022 
0.18140 
0.17336 
0.16601 
0.15926 
0.15304 



'12 

1.41133 
1.25155 

1 .09443 
0.96729 
0.86545 
0.78276 
0.71450 
0.65725 

0.60857 
0.56666 
0.53022 
0.49822 
0.46990 
0.44466 
0.42201 
0.40158 
0.38305 
0.36617 



'13 

2.28565 
1.5995 

1.3922 
1.1991 
1 .0473 
0.9282 
0.8330 
0.7555 

0.6913 

0.6371 

0.5909 

0.5510 

0.5162 

0.4855 

0.4583 

0.4341 

0.4122 

0.3925 



Theoretical 
Ionization 

Energies * 

(eV) 
5.98402 
17.0127 

29.3195 

45.3861 

64.9574 

87.9522 

114.3301 

144.0664 

177.1443 
213.5521 
253.2806 
296.3231 
342.6741 
392.3293 
445.2849 
501.5382 
561.0867 
623.9282 



Experimental 
Ionization 

Energies 8 

(eV) 
5.98577 
16.34585 

30.2027 
47.222 

67.8 
91.009 
117.56 
147.24 

180.03 

215.92 

255.7 

298.0 

343.6 

392.2 

444 

499 

557 

619 



Relative 
Error h 



0.0003 
-0.0408 

0.0292 
0.0389 
0.0419 
0.0336 
0.0275 
0.0216 
0.0160 
0.0110 
0.0095 
0.0056 
0.0027 
-0.0003 
-0.0029 
-0.0051 
-0.0073 
-0.0080 



a Radius of the paired 1s inner electrons of thirteen-electron atoms from Eq. (10.51). 

D Radius of the paired 2s inner electrons of thirteen-electron atoms from Eq. (10.62). 

c Radius of the three sets of paired 2p inner electrons of thirteen-electron atoms from Eq. 

(10.212)). 

d Radius of the paired 3s inner electrons of thirteen-electron atoms from Eq. (10.255)). 

6 Radius of the unpaired 3p outer electron of thirteen-electron atoms from Eq. (10.288) for 

Z>13 and Eq. (10.276) for Al. 

f Calculated ionization energies of thirteen-electron atoms given by the electric energy (Eq. 
(10.289)) for Z>13 and Eq. (10.279) for Al. 

9 From theoretical calculations, interpolation of isoelectronic and spectral series, and 

experimental data [2-3]. 
n (Experimental-theoreticalVexperimentat. 



The agreement between the experimental and calculated values of 
Table 10.12 is well within the experimental capability of the 
spectroscopic determinations including the values at large Z which relies 
on X-ray spectroscopy. In this case, the experimental capability is three 
to four significant figures which is consistent with the last column. The 
aluminum atom isoelectronic series is given in Table 10.12 [2-3] to much 
higher precision than the capability of X-ray spectroscopy, but these 
values are based on theoretical and interpolation techniques rather than 
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data alone. Ionization energies are difficult to determine since the cut-off 
of the Rydberg series of lines at the ionization energy is often not 
observed, and the ionization energy must be determined from theoretical 
calculations, interpolation of Al isoelectronic and Rydberg series, as well 
as direct experimental data. 

FOURTEEN-ELECTRON ATOMS 

Fourteen-electron atoms can be solved exactly using the results of 
the solutions of one, two, three, four, five, six, seven, eight, nine, ten, 
eleven, twelve, and thirteen-electron atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 

THE SILICON ATOM 

For each thirteen-electron atom having a central charge of Z times 
that of the proton, there are two indistinguishable spin-paired electrons 
in an orbitsphere with radii r t and r 2 both given by Eq. (7.19) (Eq. 
(10.51)), two indistinguishable spin-paired electrons in an orbitsphere 
with radii r 3 and r 4 both given by Eq. (10.62), three sets of paired 
electrons in an orbitsphere at r l0 given by Eq. (10.212), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r„ 
and r n both given by Eq. (10.255), and an unpaired electron in an 
orbitsphere with radius r l3 given by Eq. (10.288). For Z>14, the next 
electron which binds to form the corresponding fourteen-electron atom is 
attracted by the central Coulomb field and is repelled by diamagnetic 
forces due to the 3 sets of spin-paired inner 2p electrons and two spin- 
paired inner 3s electrons; A paramagnetic spin-paring force to form a 
filled s orbital is also possible, but the force due to the spin-pairing of the 
electrons (Eq. (7.15) with the radius r 14 ) reduces the energy of the atom 
less than that due to the alternative forces on two unpaired 3p electrons 
in an orbitsphere at the same radius r u . The resulting electron 
configuration is l/2s 2 2p 6 3j 2 3p 2 , and the orbital arrangement is 



1 0 -1 
corresponding to the ground state 3 ^,. 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner thirteen electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 



t 



3p state 
t 



(10.290) 




(10.291) 



1 
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for r>r l2 . 

As in the case of the carbon atom given in the Six-Electron Atom 
section, the two orthogonal 3p electrons form charge-density waves such 
that the total angular momentum of the two outer electrons is conserved 
which determines the diamagnetic force according to Eq. (10.82) (Eq. 
(10.258)). The contribution is given by Eq. (10.117) corresponding to 
m = l. In addition, the contribution of the diamagnetic force, V diamagnetic9 due 

to the 2p electrons is given by Eq. (10.105) (Eq. (10.259)) as the sum of 
the contributions from the 2 p x , p y , and p z orbitals corresponding to m = 

1,-1, and 0, respectively. Thus, ¥ diama8netic is given by 

2 



(2 2 2 \\ tf n 

^diamagnetic = \ 3 + 3 + 3 + 3 J — T" JZ^T)* r 



f,4,2 (10.292) 



4m e r*r l2 

The charge induction forms complementary mirror charge-density 
waves which must have opposing angular momenta such that momentum 
is conserved. In this case, J? mag2 given by Eq. (10.89) (Eq. (10.260)) is zero: 

^=0 (10.293) 

The outward centrifugal force on electron 14 is balanced by the 
electric force and the magnetic forces (on electron 14). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.291)) and diamagnetic (Eq. (10.292)) 
forces as follows: 

«vk = (Z-13)e 2 Z^^/^TT) (10.294) 

fi 1 

Substitution of v l4 = (Eq. (1.56)) and s = — into Eq. (10.294) gives: 

m e r H 2 

S^-^^-l^r^ 5 (10295) 

m e r l4 4/TE 0 r l4 \2m e r l4 r l2 

, r l2 in units of (10.296) 



r = °o 



3^ 



(Z-13)- 



?J 4 
12r 12 



Substitution of ^- = 1.25155 (Eq: (10.255) with Z=14) into Eq. (10.296) 
gives 

^ = 1.6768500 (10.297) 

The ionization energy of the silicon atom is given by the electric 
energy, E(electric), (Eq. (10.102) with the radius, r, 4 , given by Eq. (10.297)): 
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E(ionization; Si) = -Electric Energy = 13)g = 8. 1 1391 <?V (10.298) 

where r l4 = 1 .67685a 0 (Eq. (10.297)) and Z=14. The experimental ionization 
energy of the silicon atom is 8.15169 eV [3]. 

THE IONIZATION ENERGIES OF FOURTEEN-ELECTRON ATOMS 
WITH A NUCLEAR CHARGE Z>14 

Fourteen-electron atoms having Z>14 possess an external electric 
field given by Eq. (10.92). In this case, an energy minimum is achieved 
with conservation of momentum when the orbital angular momentum is 
such that F diamagnetic is minimized while F mfl<2 is maximized. With a half- 
filled 3p shell, the diamagnetic force due to the orbital angular momenta 
of the 3p electrons cancels that of the 2p electrons. Thus, F^^^ is 

minimized by the formation of a charge-density wave in the 3s orbital 
corresponding to m = -1 in Eq. (10.258) to form the equivalent of a half- 
filled 3p shell such that the contribution due to the 2p shell is canceled. 
From Eq. (10.258), the diamagnetic force, F diamognetic9 is given by the sum of 

the contributions from the 3p x and p z orbitals corresponding to m = 1 and 
0, respectively, and the negative contribution due to the charge-density 
wave with m = -1 induced in the 3s orbital according to Eq. (10.258): 

From Eq. (10.261), Y magl corresponding to the spin and orbital 
angular momenta of the paired 2p x , p y , and /^electrons is 

*nu, g 2 = (4 + 4 + 4)^— V- Js(s + l)i r = ~^^V^+l)i r (10.300) 
and the contribution from the 3p shell is 

F mog2 =(4 + 4-4)1-^ (10.301) 

Z m e r ]4 r u Z m e r X4 r n 

corresponding to the 3p x and p t electrons wherein the contribution due 
to the 3/?, (m = 1) electron is canceled by the mirror charge-density wave 
with m = -1 induced in the 3s orbital (Eq. (10.262)). Thus, the total of 
F ™,2 is 

„ 1 16ft 2 r-; — 

F m*,2 =-r — — V^ + i)i r (10:302) 

Z m^r J4 r l2 

The diamagnetic force, F diamognetic2 , due to the binding of the 3p-orbital 

electron having an electric field outside of its radius is given by Eq. 
(10.268): 
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(10.303) 



diamagnetic [Z 13 I 2 

In the case that Z>14, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.291)), diamagnetic (Eqs. (10.299) and (10.303)), and paramagnetic 
(Eq. (10.302)) forces as follows: 

"*«v?4 _ (Z-13)e 2 



14 



^Js(s + 1) + — 5 — Js(s + 1) 



12m,/; 4 ^ 2 



Zm e rf 4 r l2 



V2 



il^l^V^TTi) 



(10.304) 



ft 1 

Substitution of v l4 = (Eq. (1.56)) and s = - into Eq. (10.304) gives: 



m e r l4 



_ (Z-13)e 2 



16/T 



12OT,r M r l2 V4 Zm 



V2 



The quadratic equation corresponding to Eq. (10.305) is 

(Z-13) g 2 _n _j6\*_ /Tb-*!, -rizMTl-^.iV^ 



(10.305) 



r 2 



(Z-13)e 



m e r n \4J 



n. — 



1 



•v/2 



(10.306) 



•4 



(Z-13)e 2 _f 1 16> ) /II 

ll2 z)m e r, 2 i4j 



47C£. 



The solution of Eq. (10.307) using the quadratic formula is: 



(10.307) 



to- 
rn. 



( 



(Z-13)g 
4ne, 



-{-- 
U2 



ZJm, 



14 




\2 



m. 



(Z-13)g- 

4lt£_ 



U2 Z)m^ n y \A) J 
U2 Z>/m,/- 12 "V4j 



(Z-13)g : 



(10.308) 
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±a, 



[\ 124 Zjr l2 )) 



20V3I 




i 4 = 



((Z-.3)-(±- 




(10.309) 



/j 2 in units ofa 0 

where r 12 is given by Eq. (10.255). The positive root of Eq. (10.309) must 
be taken in order that r l4 >0. The final radius of electron 14, r ]4J is given 
by Eq. (10.309); this is also the final radius of electron 13. The radii of 
several fourteen-electron atoms are given in Table 10.13. 

The ionization energies for the fourteen-electron atoms with Z>14 
are given by the electric energy, E(electric) 9 (Eq. (10.102) with the radii r l4 , 
given by Eq. (10.309)): 

(10.310) 



E(Ionization) = —Electric Energy = — 



S7ue o r l4 



Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured fourteen-electron atoms are given 
in Table 10.13. 
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14e 
Atom 



r 3 



1o 



Si 

P* 

S 2 * 

CI 3 * 

Ar 4+ 

K s+ 

Ca 6 * 

5c 7+ 
7i 8+ 

Cr ,0+ 
Mn n * 
Fe' 2+ 
Co ,3+ 
M ,4+ 
Cu ,5+ 
Z« ,6+ 



(o„) a 

14 0.07216 

15 0.06730 

16 0.06306 

17 0.05932 

18 0.05599 

19 0.05302 

20 0.05035 

21 0.04794 

22 0.04574 

23 0.04374 

24 0.04191 

25 0.04022 

26 0.03867 

27 0.03723 

28 0.03589 

29 0.03465 

30 0.03349 



(<O b (aJ c («.) 



0.31274 
0.29010 
0.27053 
0.25344 

0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0.14424 
0.13925 



0.40978 
0.37120 
0.33902 
0.31190 
0.28878 
0.26884 
0.25149 
0.23625 
0.22276 
0.21074 
0.19995 
0.19022 
0.18140 
0.17336 
0.16601 
0.15926 
0.15304 



1.25155 
1 .09443 
0.96729 
0.86545 
0.78276 
0.7 1450 
0.65725 

0.60857 
0.56666 
0.53022 
0.49822 
0.46990 
0.44466 
0.42201 
0.40158 
0.38305 
0.36617 



14 

(«„) e 

1.67685 


Theoretical Experimental 
Ionization Ionization 


Relative 
Error" 


Energies * 
(eV) 

8.11391 


Energies 6 

(eV) 
8.15169 


0.0046 


1.35682 


20.0555 


1 9.7694 


-0.0145 


1.21534 


33.5852 


34.790 


0.0346 


1.06623 


5 1 .0426 


53.4652 


0.0453 


0.94341 


72.1094 


75.020 


0.0388 


0.84432 


96.6876 


99.4 


0.0273 


0.76358 


124.7293 


127.2 


0.0194 


0.69682 


156.2056 


158.1 


0.0120 


0.64078 


191.0973 


192.10 


0.0052 


0.59313 


229.3905 


230.5 


0.0048 


0.55211 


271.0748 


270.8 


-0.0010 


0.51644 


316.1422 


314.4 


•0.0055 


0.48514 


364.5863 


361 


-0.0099 


0.45745 


416.4021 


411 


-0.0131 


0.43277 


471.5854 


464 


-0.0163 


0.41064 


530.1326 


520 


-0.0195 


0.39068 


592.0410 


579 


-0.0225 



a Radius of the paired 1s inner electrons of fourteen-electron atoms from Eq. (10.51). 

b Radius of the paired 2s inner electrons of fourteen-electron atoms from Eq. (10.62). 

c Radius of the three sets of paired 2p inner electrons of fourteen-electron atoms from Eq. 
(10.212)). 

d Radius of the paired 3s inner electrons of fourteen-electron atoms from Eq. (10.255)). 

e Radius of the two unpaired 3p outer electrons of fourteen-electron atoms from Eq. 

(10.309) for Z>14 and Eq. (10.297) for Si. 

* Calculated ionization energies of fourteen-electron atoms given by the electric energy (Eq. 
(10.310)). 

9 From theoretical calculations, interpolation of isoelectronic and spectral series, and 
experimental data [2-3]. 

h fExperimental-theoretican/experimental. ; 



The agreement between the experimental and calculated values of 
Table 10.13 is well within the experimental capability of the 
spectroscopic determinations including the values at large Z which relies 
on X-ray spectroscopy. In this case, the experimental capability is three 
to four significant figures which is consistent with the last column. The 
silicon atom isoelectronic series is given in Table 10.13 [2-3] to much 
higher precision than the capability of X-ray spectroscopy, but these 
values are based on theoretical and interpolation techniques rather than 
data alone. Ionization energies are difficult to determine since the cut-off 
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of the Rydberg series of lines at the ionization energy is often not 
observed, and the ionization energy must be determined from theoretical 
calculations, interpolation of Si isoelectronic and Rydberg series, as well 
as direct experimental data. 

FIFTEEN-ELECTRON ATOMS 

Fifteen-electron atoms can be solved exactly using the results of the 
solutions of one, two, three, four, five, six, seven, eight, nine, ten, eleven, 
twelve, thirteen and fourteen-electron atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 
THE PHOSPHOROUS ATOM 

For each fourteen-electron atom having a central charge of Z times 
that of the proton, there are two indistinguishable spin-paired electrons 
in an orbitsphere with radii r x and r 2 both given by Eq. (7.19) (Eq. 
(10.51)), two indistinguishable spin-paired electrons in an orbitsphere 
with radii r 3 and r 4 both given by Eq. " (10.62), three sets of paired 

electrons in an orbitsphere at r l0 given by Eq. (10.212), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r n 
and r }2 both given by Eq. (10.255), and two unpaired electrons in an 
orbitsphere with radius r M given by Eq. (10.288). For Z>15, the next 
electron which binds to form the corresponding fifteen-electron atom is 
attracted by the central Coulomb field and is repelled by diamagnetic 
forces due to the 3 sets of spin-paired inner 2p electrons and two spin- 
paired inner 3s electrons. A paramagnetic spin-paring force to form a 
filled s orbital is also possible, but the force due to the spin-pairing of the 
electrons (Eq. (7.15) with the radius r l5 ) reduces the energy of the atom 

less than that due to the alternative forces on three unpaired 3p 
electrons in an orbitsphere at the same radius r l5 . The resulting electron 

configuration is ls 2 2s 2 2p 6 3s 2 3p* , and the orbital arrangement is 



1 0 -1 
corresponding to the ground state 4 S£ /2 . 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner fourteen electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 



T 



3p state 

T 



T 



(10.311) 




(10.312) 



for r>r u . 
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The diamagnetic force, F diomogneticy is only due to 3p and 3s electrons 
when the 3p shell is at least half filled since the induced charge-density 
waves only involve the inner-most shell, the 3s orbital. Thus, F diamagnetic9 is 
given by Eq. (10.259) as the sum of the contributions from the 3p xf p r 
and p t orbitals corresponding to m = 1, -1, and 0, respectively: 

F^ = ^f + |4)^V*Tl)i.=-(f) 5 ^-V^M) i , (10.313) 

The energy is minimized with conservation of angular momentum 
when the spin angular momentum of the 3s orbital superimposes 
negatively with the orbital angular momentum of the 3p orbitals. From 
Eq. (10.260), F^ 2 corresponding to the orbital angular momentum of the 
3 p x9 p y9 and p z orbitals minus the contribution from the 3s orbital is 

1L*2 =(1 + 1 + 1-1)7-^ (10.314) 

The outward centrifugal force on electron 15 is balanced by the 
electric force and the magnetic forces (on electron 15). The radius of the 

outer electron is calculated by equating the outward centrifugal force to 

the sum of the electric (Eq. (10.312)), diamagnetic (Eq. (10.313)), and 
paramagnetic (Eq. (10.314)) forces as follows: 

m e v 2 (Z-14)e 2 5h 2 f- 2h 2 , 

f = + (10.315) 

h 1 

Substitution of v l5 = (Eq. (1.56)) and s = - into Eq. (10.315) gives: 



(Z-14)e 2 5h 2 [3 2ft 2 fj 
™.r?r 4*s o r, 2 \2m e r*r» ^4 + Zm e r*r t2 14 (10.316) 

,2 



ri '~(Z-14}e 2 5ft 2 " (3 2ft 2 ^ (10.317) 




47t€ 0 H™ e r n i 4 Zm ^ / i2 V 4 
r is = nr-> r n in units of a 0 (10.318) 



(Z -,4)-fA_2W 

U2 Z) k. 



Substitution of ^ = 1.09443 (Eq. (10.255) with Z = 15) into Eq. (10.318) 
gives 

r l5 = l.2S9OQa 0 (10.319) 
The ionization energy of the phosphorous atom is given by the 
electric energy, E(electric), (Eq. (10.102) with the radius, /;,, given by Eq. 
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(10.319)): 



E(ionization; P) = -Electric Energy = ( ^ = 10.5554 eV (10 320) 

where ^ = 1.28900^ (Eq. (10.319)) and Z = 15. The experimental ionization 
energy of the phosphorous atom is 10.48669 eV [3]. 

THE IONIZATION ENERGIES OF FIFTEEN-ELECTRON ATOMS WITH 
A NUCLEAR CHARGE Z>15 

Fifteen-electron atoms having Z>15 possess an external electric 
field given by Eq. (10.92). In this case, an energy minimum is achieved 
with conservation of momentum when the orbital angular momentum is 
such that F rfiow . e is minimized while is maximized. With a half- 

filled 3p shell, the diamagnetic force due to the orbital angular momenta 
of the 3p electrons cancels that of the 2p electrons. Thus the 
diamagnetic force (Eq. (10.258)), F^^ , is zero: 

^diamag^k = 0 '" (10.321) 

From Eqs. (10.205) and (10.261), F^ a corresponding to the spin 
and orbital angular momenta of the paired 2 Pl , Py , and Pi electrons is 

F ~, 2 = (4 + 4 + 4)l-^V^JTI)i r = i-^V^7^i r (10.322) 

£. m e r l5 r x2 z m e r }S r l2 

and the contribution from the 3p level is 

K« , - (4 + 4 + 4)1— *— V^7TI)i r = 1-^L V^TT)i r (10.323) 
corresponding to the 3 Px , Py , and Pt electrons. Thus, the total of F 2 is 

F ™" 2 " Z^7 V ^ + 1),r ( 1 0.324) 

The diamagnetic force, ¥ d!aimgaelic2 , due to the binding of the 3p-orbital 

electron having an electric field outside of its radius is given bv Ea 
(10.268): 6 y 4 * 

F ^^, fc2 =-[|3^Jl-^ + |j^l0VJ(7+l)^ (10.325) 

In the case that Z>15, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq 
(10.312)), diamagnetic (Eqs. (10.321) and (10.325)), and paramagnetic 
(Eq. (10.324)) forces as follows: 

mrfs (Z-14)e 2 . 24ft 2 r- TZ-ISY -Jl lVft 2 , 

(10.326) 
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H 1 
Substitution of v ls = (Eq. (1.56)) and * = - into Eq. (10.326) gives: 



528 



m *1s 



m e r iS 

(Z-I4)e 2 24ti 

+ 



47te o r? s 7m t 



V2 



The quadratic equation corresponding to Eq. (10.327) is 



(10.327) 



(Z - 14)e 2 24ft 

h 



24ft 2 (T) 2 _f?_ r z-is f, 



V2 



2j m, 



10jf = 0 




(10.328) 



(Z-14)e 2 24ft ; 

h 



4jZE. 



Zm e r l2 



( 



(Z-14)e 
4ne. 



The solution of Eq. (10.329) using the quadratic formula is: 



f 



(Z-14K + 24ft 



4^ 



( 



24ft 2 V£\ 
Zm e r l j4) J 



(Z-14K + 24ft : 



4ns. 



Zm t r %2 




3 



'is 



+4 



ft 2 

m 



(Z-14)<? 2 24ft 

h 



47EC 



24ft 2 /J] 
Zm^ V 4 J 



1 



V2 




»is = 



(10.329) 



(10.330) 



(10.331) 



/j 2 ih units ofa 0 

where >j 2 is given by Eq. (10.255). The positive root of Eq. (10.331) must 
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be taken in order that i 5 >0. The final radius of electron 15, r 15 , is given 
by Eq. (10.331); this is also the final radius of electrons 13 and 14. The 
radii of several fifteen-electron atoms are given in Table 10.14. 

The ionization energies for the fifteen-electron atoms with Z>15 
are given by the electric energy, E{electric), (Eq. (10.102) with the radii r 15 , 

given by Eq. (10.331)): 

(10.332) 



E{Ionization) = —Electric Energy = — 



Since the relativistic corrections were small, the nonrelati vistic ionization 
energies for experimentally measured fifteen-electron atoms are given in 
Table 10.14. 

Table 10.14. Ionization energies for some fifteen-electron atoms. 



15 e 

Atom 



P 

S* 

a 1 * 

Ar i+ 
K*+ 
Ca i+ 
5c 6+ 
TP* 

Cr 9 + 
Mn' 0+ 
Fe"+ 
Co 12 * 
M 13+ 
C« ,4+ 
Zh ,s+ 



*3 



no 



'12 



a 



(O b (<O c («.) 



15 0.06730 

16 0.06306 

17 0.05932 

18 0.05599 

19 0.05302 

20 0.05035 

21 0.04794 

22 0.04574 

23 0.04374 

24 0.04191 

25 0.04022 

26 0.03867 

27 0.03723 

28 0.03589 

29 0.03465 

30 0.03349 



0.29010 
0.27053 
0.25344 

0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0.14424 
0.13925 



0.37120 
0.33902 
0.31190 

0.28878 
0.26884 
0.25149 
0.23625 
0.22276 
0.2 1074 
0.19995 
0.19022 
0.18140 
0.17336 
0.16601 
0.15926 
0.15304 



1 .09443 
0.96729 
0.86545 

0.78276 
0.71450 
0.65725 
0.60857 
0.56666 
0.53022 
0.49822 
0.46990 
0.44466 
0.42201 
0.40158 
0.38305 
0.36617 



'is 
K) e 

1.28900 
•1.15744 

1.06759 

0.95423 
0.85555 
0.77337 
0.70494 
0.64743 
0.59854 
0.55652 
0.52004 
0.48808 
0.45985 
0.43474 
0.41225 
0.39199 



Theoretical 
Ionization 

Energies f 

(eV) 
10.55536 
23.5102 
38.2331 
57.0335 
79.5147 
105.5576 
135.1046 
168.1215 
204.5855 
244.4799 
287.7926 
334.5138 
384.6359 
438.1529 
495.0596 
555.3519 



Experimental 
Ionization 

Energies 8 

(eV) 
10.48669 
23.3379 

39.61 
59.81 
82.66 
108.78 
138.0 
170.4 
205.8 
244.4 
286.0 
330.8 

379 

430 

484 

542 



Relative 
Error h 



-0.0065 

-0.0074 

0.0348 

0.0464 

0.0381 

0.0296 

0.0210 

0.0134 

0.0059 

-0.0003 

-0.0063 

-0.01 12 

-0.0149 

-0.0190 

-0.0229 

-0.0246 



a Radius of the paired 1s inner electrons of fifteen-electron atoms from Eq. (10.51). 

b Radius of the paired 2s inner electrons of fifteen-electron atoms from Eq. (10.62). 

c Radius of the three sets of paired 2p inner electrons of fifteen-electron atoms from Eq. 
(10.212)). 

d Radius of the paired 3s inner electrons of fifteen-electron atoms from Eq. (10.255)). 

e Radius of the three unpaired 3p outer electrons of fifteen-electron atoms from Eq. 

(10.331) for 2>15 and Eq. (10.319) for P. 

* Calculated ionization energies of fifteen-electron atoms given by the electric energy (Eq. 
(10.332)). 

9 From theoretical calculations, interpolation of isoelectronic and spectral series, and 
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experimental data [2-3]. 
h (Experimental-theoreticaO/experimental. 

The agreement between the experimental and calculated values of 
Table 10.14 is well within the experimental capability of the 
spectroscopic determinations including the values at large Z which relies 
on X-ray spectroscopy. In this case, the experimental capability is three 
to four significant figures which is consistent with the last column. The 
phosphorous atom isoelectronic series is given in Table 10.14 [2-3] to 
much higher precision than the capability of X-ray spectroscopy, but 
these values are based on theoretical and interpolation techniques rather 
than data alone. Ionization energies are difficult to determine since the 
cut-off of the Rydberg series of lines at the ionization energy is often not 
observed, and the ionization energy must be determined from theoretical 
calculations, interpolation of P isoelectronic and Rydberg series, as well as 
direct experimental data. 

SIXTEEN-ELECTRON ATOMS 

Sixteen-electron atoms can be solved exactly using the results of 
the solutions of one, two, three, four, five, six, seven, eight, nine, ten, 
eleven, twelve, thirteen, fourteen, and fifteen-electron atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 
THE SULFUR ATOM 

For each fifteen-electron atom having a central charge of Z times 
that of the proton, there are two indistinguishable spin-paired electrons 
in an orbitsphere with radii ^ and r 2 both given by Eq. (7.19) (Eq. 
(10.51)), two indistinguishable spin-paired electrons in an orbitsphere 
with radii r 3 and r 4 both given by Eq. (10.62), three sets of paired 

electrons in an orbitsphere at r 10 given by Eq. (10.212), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r n 
and r l2 both given by Eq. (10.255), and three unpaired electrons in an 
orbitsphere with radius r ls given by Eq. (10.331). For ZS16, the next 

electron which binds to form the corresponding sixteen-electron atom is 
attracted by the central Coulomb field and is repelled by diamagnetic 
forces due to the 3 sets of spin-paired inner 2p electrons and two spin- 
paired inner 3s electrons. A paramagnetic spin-paring force to form a 
filled s orbital is also possible, but the force due to the spin-pairing of the 
electrons (Eq. (7.15) with the radius /j 6 ) reduces the energy of the atom 

less than that due to the alternative forces on a set of paired and two 
unpaired 3p electrons in an orbitsphere at the same radius r t6 . The 

resulting electron configuration is ls 2 2s 2 2p 6 3s 2 3p*, and the orbital 



< 
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arrangement is 
3p state 

T I JT L . (10.333) 

10-1 
corresponding to the ground state 3 />. 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner fifteen electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 

Fw, = ( *~ 15) / K (10.334) 

for r>fj 5 . 

The diamagnetic force, F 4Bamognaie9 is only due to 3p and 3s electrons 

when the 3p shell is at least half filled since the induced charge-density 
waves only involve the inner-most shell, the 3s orbital. The energy is 
minimized with conservation of angular 'momentum when the induced 
orbital angular momentum of the 3s orbital superimposes positively with 
the orbital angular momenta of the other 3p x and the 3/? z -orbital 

electrons and the orbital angular momentum of one of the spin-paired 
3 p x electrons is canceled by the 3p y electron. Thus, F diamagnetic9 is given by 

Eq. (10.258) as the sum of the contributions from the 3p x and p t orbitals 

corresponding to m = 1 and 0, respectively, and the induced contribution 
from the 3s orbital corresponding to m = 0: 

F — -{hi* - -(Di^ 151 - ( 1 °- 335 > 

The energy is minimized with conservation of angular momentum 
when the spin angular momentum the 3s orbital superimposes negatively 
with the spin angular momentum of the 3p x orbital-electron and the 
orbital angular momentum of the 3p z -orbital electron. From Eq. (10.260), 
F W j 2 corresponding to the orbital angular momentum of the 3p xJ p y9 and 

p z orbitals minus the contribution from the 3s orbital is 

F m ^ 2 = (1 + 1 - 1)^— ^ V^C^l)i, = V^^ir (10.336) 

The outward centrifugal force on electron 16 is balanced by the 
electric force and the magnetic forces (on electron 16). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.334)), diamagnetic (Eq. (10.335)), and 
paramagnetic (Eq. (10.336)) forces as follows: 

K — : 2 — V*(* + l)+~ — — V^ + l) (10.337) 
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Substitution of v l6 = — — (Eq. (1.56)) and s = - into Eq. (10.337) gives: 



H 2 ^ (Z-lS)e 2 4ft 2 




(10.338) 



1 6 = 



(Z-15K 4ft 



4tt£ 0 12m,r l2 Y4 Zm e r l2 





(10.339) 



r 16 = ^ !=-, /; 2 in wnito ofa 0 ( 1 0.340) 



(Z _ 15) _f±.i)i4 



Substitution of ^. = 0.96729 (Eq. (10.255) with Z = 16) into Eq. (10.340) 



gives 

/j 6 = 1.32010a,, " (10.341) 

The ionization energy of the sulfur atom is given by the electric 
energy, E(electric), (Eq. (10.102) with the radius, r I6 , given by Eq. (10.341)): 

E(ionization\ 5) = -Electric Energy = < Z ~ 15 > g = 10.30666 eV (10.342) 

where r l6 = 1.3201000 (Eq. . (10.341)) and Z = 16. The experimental ionization 
energy of the sulfur atom is 10.36001 eV [3]. 

THE IONIZATION ENERGIES OF SIXTEEN-ELECTRON ATOMS WITH 
A NUCLEAR CHARGE Z>16 

Sixteen-electron atoms having Z>16 possess an external electric 
field given by Eq. (10.92). In this case, an energy minimum is achieved 
with conservation of momentum when the orbital angular momentum is 
such that ¥ diamagnetic is minimized while is maximized. With a half- 

filled 3p shell, the diamagnetic force due to the orbital angular momenta 
of the 3p electrons cancels that of the 2p electrons. Thus, V diamagnetic is 

minimized by the formation of a charge-density wave in the 3s orbital 
corresponding to m = 1 in Eq. (10.258) that cancels the orbital angular 
momentum of one of the 3p x electrons to form the equivalent of a half- 
filled 3p shell. Then, the contribution due to the 2p level is canceled. 
From Eq. (10.82), the diamagnetic force, F tfamfl5wrfc , is given by the siim of 

the contributions from the 3p y and p z orbitals corresponding to m = -1 

and 0, respectively, and the negative contribution due to the charge- 
density wave with m = 1 induced in the 3s orbital (Eq. (10.258)): 
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F_ =-(f4- f )^J*TT>K = {j}^ (10.343) 

From Eq. (10.261), corresponding to the spin and orbital 

angular momenta of the paired 2p x , p y7 and p t electrons is 

F ma , 2 = (4 + 4 + 4)^-5- = V^OV ( 1 0.344) 

and the contribution from the 3p level is 

F mog2 =(8 + 4 + 4-4)1— ^/^7T)i r =i-^ (10.345) 

corresponding to the 3 p x (Eq. (10.264)) and p z (Eq. (10.263)) electrons 

wherein the contribution due to the 3p x (m = 1) electron is canceled by 

the mirror charge-density wave with m = 1 induced in the 3s orbital (Eq. 
(10.262)). Thus, the total of F mog2 is 



1 24h 



2 



F^ 2 =- 5— V^l)i, (10.346) 

Z m e r i6 r \2 

The diamagnetic force, F dtamagnelic 2 , due to the binding of the 3p-orbital 

electron having an electric field outside of its radius is given by Eq. 
(10.268): 

w-~, -[fEift-T 4)^ 10 ^»'- (10 ' 347 > 

In the case that Z>16, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.334)), diamagnetic (Eqs. (10.343) and (10.347)), and paramagnetic 
(Eq. (10.346)) forces as follows: 

m,v 2 6 (Z-15)* 2 h 2 n - 24ft 2 r7 - 

(10.348) 



rz-i6Y, -Ji i\r 12 n 2 tn r- t — - 



Substitution of v l6 = -^— (Eq. (1.56)) and 5 = - into Eq. (10.348) gives: 

m e r i6 2 

h 2 (Z-15)e 2 h 2 [3 , 24h 2 [3 |~ Z - 16 T, ^2 0*ia* a »/*/3 



m .»56 Ane A I2m e rfa 2 y4 Zm e r 2 r l2 V4 IZ-15\ 2 2Jm r rf 6 V4 

(10.349) 

The quadratic equation corresponding to Eq. (10.349) is 

(10.350) 
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ft 2 /3 16 ( (Z-I5 )e 



(Z-15)g' 
47T£„ 



The solution of Eq. (10.351) using the quadratic formula is: 



h 2 IT 

m.n, V 4 



(10.351) 



m. 



(Z-15)e 
47te_ 



r l6 = 




(2-15)g- 
4;ze_ 



U2 Z)m t r n ^A)) 



(12 z)JL il) i ^[frif| 1 -T + l) 2 



io.i| 



(Z-15)e" 



f l 24 "| n 2 m 

ll2 z)m t r 12 y4j 



(10.352) 



a. 



1 




''16 = 



(10.353) 



fj 2 in unto o/a 0 

where r I2 is given by Eq. (10.255). The positive root of Eq. (10.353) must 
be taken in order that r i6 >0. The final radius of electron 16, /j 6 , is given 
by Eq. (10.353); this is also the final radius of electrons 13, 14, and 15. 
The radii of several sixteen-electron atoms are given in Table 10.15. 

The ionization energies for the sixteen-electron atoms with Z>16 
are given by the electric energy, E(electric), (Eq. (10.102) with the radii /j 6> 

given by Eq. (10.353)): 

(Z-15)e 2 



E(Ionizatiori) = —Electric Energy = 



(10.354) 



Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured sixteen-electron atoms are given 
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Table 10.15. Ionization energies for some sixteen-electron atoms. 
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16e 
Atom 



12 



5 

CI* 
Ar 2 * 

K>* 
Ca** 
Sc s * 

Ti 6 * 

V* 

Cr 8+ 

Mn 9 * 

Fe' 0 * 

Co"* 

m n * 
c« ,3+ 

Zn' 4 * 



(<O a 



16 0.06306 

17 0.05932 

18 0.05599 

19 0.05302 

20 0.05035 

21 0.04794 

22 0.04574 

23 0.04374 

24 0.04191 

25 0.04022 

26 0.03867 

27 0.03723 

28 0.03589 

29 0.03465 

30 0.03349 



(<O b (<O c (O 



0.27053 
0.25344 

0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0.14424 
0. 1 3925 



0.33902 
0.31190 

0.28878 
0.26884 
0.25149 
0.23625 
0.22276 
0.21074 
0.19995 
0.19022 
0.18140 
0.17336 
0.16601 
0.15926 
0.15304 



0.96729 
0.86545 

0.78276 
0.71450 
0.65725 
0.60857 
0.56666 
0.53022 
0.49822 
0.46990 
0.44466 
0.42201 
0.40158 
0.38305 
0.36617 



r i6 

(<O e 



1.32010 
1.10676 

1.02543 
0.92041 
0.82819 
0.75090 
0.68622 
0.63163 
0.58506 
0.54490 
0.50994 
0.47923 
0.45204 
0.42781 
0.40607 



Theoretical 
Ionization 

Energies f 

(eV) 
10.30666 
24.5868 

39.8051 

59.1294 

82.1422 

108.7161 

138.7896 

172.3256 

209.2996 

249.6938 

293.4952 

340.6933 

391.2802 

445.2492 

502.5950 



Experimental 
Ionization 

Energies 6 

(eV) 
10.36001 
23.814 

40.74 
60.91 
84.50 

1 10.68 
140.8 
173.4 
209.3 
248.3 
290.2 

336 

384 

435 

490 



Relative 
Error h 



0.0051 
-0.0324 

0.0229 
0.0292 
0.0279 

0.0177 
0.0143 
0.0062 
0.0000 
-0.0056 
-0.01 14 
-0.0140 
-0.0190 
-0.0236 
-0.0257 



a Radius of the paired 1s inner electrons of sixteen-electron atoms from Eq. (10.51). 

0 Radius of the paired 2s inner electrons of sixteen-electron atoms from Eq. (10.62). 

c Radius of the three sets of paired 2p inner electrons of sixteen-electron atoms from Eq. 
(10.212)). 

d Radius of the paired 3s inner electrons of sixteen-electron atoms from Eq. (10.255)). 

6 Radius of the two paired and two unpaired 3p outer electrons of sixteen-electron atoms from 

Eq. (10.353) for Z>16 and Eq. (10.341) for S. 

' Calculated ionization energies of sixteen-electron atoms given by the electric energy (Eq. 
(10.354)). 

9 From theoretical calculations, interpolation of isoelectronic and spectral series, and 

experimental data [2-3]. 
n (Experimental-theoreti calVexperimental. 

The agreement between the experimental and calculated values of 
Table 10.15 is well within the experimental capability of the 
spectroscopic determinations including the values at large Z which relies 
on X-ray spectroscopy. In this case, the experimental capability is three 
to four significant figures which is consistent with the last column. The 
sulfur atom isoelectronic series is given in Table 10.15 [2-3] to much 
higher precision than the capability of X-ray spectroscopy, but these 
values are based on theoretical and interpolation techniques rather than 
data alone. Ionization energies are difficult to determine since the cut-off 



zuuj by tfiacKLiglit fower, inc. All rights reserved. 



536 



of the Rydberg series of lines at the ionization energy is often not 
observed, and the ionization energy must be determined from theoretical 
calculations, interpolation of S isoelectronic and Rydberg series, as well as 
direct experimental data. 

SEVENTEEN-ELECTRON ATOMS 

Seventeen-electron atoms can be solved exactly using the results of 
the solutions of one, two, three, four, five, six, seven, eight, nine, ten, 
eleven, twelve, thirteen, fourteen, fifteen, and sixteen-electron atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 
THE CHLORINE ATOM 

For each sixteen-electron atom having a central charge of Z times 
that of the proton, there are two indistinguishable spin-paired electrons 
in an orbitsphere with radii r x and r 2 both given by Eq. (7.19) (Eq. 
(10.51)), two indistinguishable spin-paired electrons in an orbitsphere 
with radii r 3 and r 4 both given by Eq." (10.62), three sets of paired 

electrons in an orbitsphere at r 10 given by Eq. (10.212), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r n 
and r ]2 both given by Eq. (10.255), and two paired and two unpaired 
electrons in an orbitsphere with radius r l6 given by Eq. (10.353). For 

Z>17, the next electron which binds to form the corresponding 
seventeen-electron atom is attracted by the central Coulomb field and is 
repelled by diamagnetic forces due to the 3 sets of spin-paired inner 2p 
electrons and two spin-paired inner 3s electrons. A paramagnetic spin- 
paring force to form a filled s orbital is also possible, but the force due to 
the spin-pairing of the electrons (Eq. (7.15) with the radius r l7 ) reduces 

the energy of the atom less than that due to the alternative forces on two 
sets of paired electrons and an unpaired 3p electron in an orbitsphere at 
the same radius r 17 . The resulting electron configuration is ls 2 2s 2 2p 6 3s z 3p s 9 
and the orbital arrangement is 



1 0 -1 
corresponding to the ground state 2 P* n . 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner sixteen electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 



3p state 

tin r 



(10.355) 




(10.356) 



F 

diamagnetic 
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for r>r J6 . 

The diamagnetic force, F diamagneticJ is only due to 3p and 3s electrons 

when the 3p shell is at least half filled since the induced charge-density 
waves only involve the inner-most shell, the 3s orbital. Thus, F dimw ^ lit , is 

given by Eq. (10.258) as the contribution from the 3 p y orbital 

corresponding to m = -1 with the cancellation of the orbital angular 
momenta of the spin-paired 3p x and p ( electrons: 

= -f f V h \ V^l)i, (10.357) 
\3J4m e r n r ]2 

The energy is minimized with conservation of angular momentum 
when the spin angular momentum of the 3s orbital superimposes 
negatively with the angular momenta of the 3p orbitals. From Eq. 
(10.260), F 2 corresponding to the sum of the spin angular momenta of 

the 3p x and 3 p t orbitals and the orbital angular momentum of the 3p y 

orbital, minus the contribution from the 3s„ orbital is 

F mfl ,2=(l + l + l-0i-^V*^ (10.358) 

Z m e r n r n Z m e r n r X2 

The outward centrifugal force on electron 17 is balanced by the 
electric force and the magnetic forces (on electron 17). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.356)), diamagnetic (Eq. (10.357)), and 
paramagnetic (Eq. (10.358)) forces as follows: 



— = (Z - 16) ' _^*_j J( - rr)+ (10.359) 

h 1 
Substitution of v, 7 = (Eq. (1.56)) and$ = - into Eq. (10.359) gives: 

m e r \i 2 
* (Z-16)e 2 2ft 2 + (10 .360) 



.2 



m t 

r„ = 



17 (Z-16)e 2 2ft 2 fJ [ 2ft 2 13 
47te 0 1 2m t r i2 V 4 Zm e r 12 \4 



(10.361) 



r 17 = — j=-,r l2 inunitsofaQ (10.362) 

4 



(Z _ 16) _fA_2pN 
Vl2 Z) r n 



Substitution of ^2. = 0.86545 (Eq. (10.255) with Z = 17) into Eq. (10.362) 
gives 
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/j 7 = 1.05158tf 0 (10.363) 
The ionization energy of the chlorine atom is given by the electric 
energy, E(electric) y (Eq. (10.102) with the radius, r !7 , given by Eq. (10.363)): 

E(ionization; CI) = -Electric Energy = (Z ~ 16) * = 12.93841 eV ( 1 0. 364) 

8/rE 0 r 17 

where r n = 1.05158a 0 (Eq. (10.363)) and Z = 17. The experimental ionization 
energy of the chlorine atom is 12.96764 eV [3]. 

THE IONIZATION ENERGIES OF SEVENTEEN-ELECTRON ATOMS 
WITH A NUCLEAR CHARGE Z>17 

Seventeen-electron atoms having Z>17 possess an external electric 
field given by Eq. (10.92). In this case, an energy minimum is achieved 
with conservation of momentum when the orbital angular momentum is 
such that ¥ dk2magnetic is minimized while is maximized. With a filled 3p 

shell, the diamagnetic force due to the orbital angular momenta of the 3p 
electrons cancels that of the 2p electrons. -Thus, V diamagnetic is minimized by 

the formation of a charge-density wave in the 3s orbital corresponding to 
two electrons with m = -1 in Eq. (10.258) to form the equivalent of a 
filled 3p level such that the contribution due to the 2p level is canceled. 
From Eq. (10.82), the diamagnetic force, ¥ diamagnetic , is given by the 

contribution due to the charge-density wave with m = -1 induced in the 
3s orbital according to Eq. (10.258): 

a ~ff h —* (10.365) 

From Eqs. (10.205) and (10.261), F ma ^ 2 corresponding to the spin 
and orbital angular momenta of the paired 2p x , p yJ and p z electrons is 

F^ 2 =(4 + 4 + 4)l-^V^(^ (10.366) 

Z m e r ]7 r n Z ™ e r \i r \2 

and the contribution from the paired 3p x9 p y> and p z electrons given by 
Eq. (10.264) is 

F wog2 =(8 + 8 + 8)l-^V^ (10.367) 

Z m e r %1 r n Z m e r n r l2 

wherein the contribution due to the charge-density wave with m = -1 
induced in the 3s orbital (Eq. (10.262)) provides the equivalent of a filled 
3 p y orbital and adds a negative contribution of 

1 4ft 2 

Z m e r*r ]2 



F 

- diamagnetic 



^^-iz^-V^^i, (10.368) 



Thus, the total of F 2 is 
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V ^ m T^T^^ (10.369) 
The diamagnetic force, F^^j, due to the binding of the 3p-orbital 

electron having an electric field outside of its radius is given by Eq. 
(10.268): 

*~=-[f5$l-#4)$><W^.. (10.370) 

In the case that Z>17, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.356)), diamagnetic (Eqs. (10.365) and (10.370)), and paramagnetic 
(Eq. (10.369)) forces as follows: 

m e v, 2 7 (Z-16)e 2 2ft 2 n 32ft 2 r- 

r- \ (10.371) 

rZ-17Y, -Jl l\r. 2 h\ n ,- ' 

Substitution of v l7 =-^- (Eq. (1.56)) and s = - into Eq. (10.371) gives: 

m e r n 2 
ft 2 (Z-16)e 2 2ft 2 



4 Zm t r*r l2 "V 4 LZ-16^ 2 2im < / i 4 7 "V4 




(10.372) 

The quadratic equation corresponding to Eq. (10.372) is 

(10.373) 

ft r " ' ~ 




(Z-16)e : 



171. 171 

r„ - 



Aize 



o 



/TV' 7 f (Z-16)e 2 (2 32\ ft 2 ft} 
V4 J ( 4xe„ ll2 Z)m e r t ^4) 



(10.374) 

The solution of Eq. (10.374) using the quadratic formula is: 
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m. 




-16)e' 



4 TEE, 



( 2 32\ h 2 f£\ 
ll2 Zjm e r n l4j 



m. 



(Z-16 )e 
4jte„ 



44 



17 



ll2 Z)m t r n iA) J 
f (Z-16)e 2 (2 32\ ft 2 fTi 



(10.375) 




<*0 




^ = 



(10.376) 



/; 2 in c*fa 0 

where r 12 is given by Eq. (10.255). The positive root of Eq. (10.376) must 
be taken in order that r 17 >0. The final radius of electron 17, r ]7 , is given 

by Eq. (10.376); this is also the final radius of electrons 13, 14, 15, and 
16. The radii of several seventeen-electron atoms are given in Table 
10.16. 

The ionization energies for the seventeen-electron atoms with Z>17 
are given by the electric energy, E(electric) 9 (Eq. (10.102) with the radii r n , 

given by Eq. (10.376)): 

(Z-16)e 2 



E(Ionization) = —Electric Energy = 



(10.377) 



Since the relativistic. corrections were small, the nonrelativistic ionization 
energies for experimentally measured seventeen-electron atoms are 
given in Table 10.16. 
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17 e 
Atom 



a 

Ar* 
K 2 * 
Ca 3+ 
5c 4+ 
7i 5+ 

Cr 7+ 
Mn* + 
Fe 9 * 
Co"* 
Ni"* 
Cu 12 * 
Zn 13 * 



17 0.05932 

18 0.05599 

19 0.05302 

20 0.05035 

21 0.04794 

22 0.04574 

23 0.04374 

24 0.04191 

25 0.04022 

26 0.03867 

27 0.03723 

28 0.03589 

29 0.03465 

30 0.03349 



0.25344 
0:23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0.14424 
0.13925 



'10 

0.31190 
0.28878 
0.26884 
0.25149 
0.23625 
0.22276 
0.21074 
0.19995 
0.19022 
0.18140 
0.17336 
0.16601 
0.15926 
0.15304 



'12 



(<O d 



0.86545 
0.78276 
0.71450 
0.65725 

0.60857 
0.56666 
0.53022 
0.49822 
0.46990 
0.44466 
0.42201 
0.40158 
0.38305 
0.36617 



r l7 

K) e 

1.05158 

0.98541 

0.93190 

0.84781 

0.77036 

0.70374 

0.64701 

0.59849 

0.55667 

0.52031 

0.48843 

0.46026 

0.43519 

0.41274 



Theoretical 
Ionization 

Energies f 

(eV) 
12.93841 
27.6146 
43.8001 
64.1927 
88.3080 
116.0008 
147.201 1 
181.8674 
219.9718 
261.4942 
306.4195 
354.7360 
406.4345 
46 1 .5074 



Experimental 
Ionization 

Energies s 

(eV) 
12.96764 
27.62967 
45.806 
67.27 
91.65 
119.53 
150.6 
184.7 
221.8 
262.1 

305 

352 

401 

454 



Relative 
Error h 



0.0023 
0.0005 
0.0438 
0.0457 

0.0365 
0.0295 
0.0226 
0.0153 
0.0082 
0.0023 
-0.0047 
-0.0078 
-0.0136 
-0.0165 



a Radius of the paired Is inner electrons of seventeen-electron atoms from Eq. (10.51). 
D Radius of the paired 2s inner electrons of seventeen-electron atoms from Eq. (10.62). 
c Radius of the three sets of paired 2p inner electrons of seventeen-electron atoms from Eq. 
(10.212)). 

d Radius of the paired 3s inner electrons of seventeen-electron atoms from Eq. (10.255)). 
e Radius of the two sets of paired and an unpaired 3p outer electron of seventeen-electron 
atoms from Eq. (10.376) for 2>17 and Eq. (10.363) for CI. 

f Calculated ionization energies of seventeen-electron atoms given by the electric energy (Eq. 
(10.377)). 

9 From theoretical calculations, interpolation of isoelectronic and spectral series, and 
experimental data [2-3]. 

h (Experimental-theoreticalVexoerimental. ; 

The agreement between the experimental and calculated values of 
Table 10.16 is well within the experimental capability of the 
spectroscopic determinations including the values at large Z which relies 
on X-ray spectroscopy. In this case, the experimental capability is about 
two to four significant figures which is consistent with the last column. 
Ionization energies are difficult to determine since the cut-off of the 
Rydberg series of lines at the ionization energy is often not observed. 
Thus, the chlorine atom isoelectronic series given in Table 10.16 [2-3] 
relies on theoretical calculations and interpolation of the CI isoelectronic 
and Rydberg series as well as direct experimental data to extend the 
precision beyond the capability of X-ray spectroscopy. But, no assurances 
can be given that these techniques are correct, and they may not improve 
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the results. The error given in the last column is very reasonable given 
the quality of the data. 

EIGHTEEN-ELECTRON ATOMS 

Eighteen-electron atoms can be solved exactly using the results of 
the solutions of one, two, three, four, five, six, seven, eight, nine, ten, 
eleven, twelve, thirteen, fourteen, fifteen, sixteen, and seventeen-electron 
atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 
THE ARGON ATOM 

For each seventeen-electron atom having a central charge of Z 
times that of the proton, there are two indistinguishable spin-paired 
electrons in an orbitsphere with radii r, and r 2 both given by Eq. (7.19) 
(Eq. (10.51)), two indistinguishable spin-paired electrons in an 
orbitsphere with radii r 3 and r 4 both given by Eq. (10.62), three sets of 

paired electrons in an orbitsphere at r l0 given by Eq. (10.212), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r u 
and r I2 both given by Eq. (10.255), and two sets of paired and an 
unpaired electron in an orbitsphere with radius r xl given by Eq. (10.376). 

For Z>18, the next electron which binds to form the corresponding 
eighteen-electron atom is attracted by the central Coulomb field and is 
repelled by diamagnetic forces due to the 3 sets of spin-paired inner 2p 
electrons and two spin-paired inner 3s electrons. A paramagnetic spin- 
paring force to form a filled s orbital is also possible, but the force due to 
the spin-pairing of the electrons (Eq. (7.15) with the radius r 18 ) reduces 

the energy of the atom less than that due to the alternative forces on 
three sets of paired 3p electrons in an orbitsphere at the same radius r l8 . 

The resulting electron configuration is ls 2 2s 2 2p e 3s 2 3p 6 , and the orbital 
arrangement is 



1 0 -1 
corresponding to the ground state J 5 0 . 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner seventeen electrons is given by Eq. (10.70) with 
the appropriate charge and radius: 



3p state 

f it i Tl 



(10.378) 




(10.379) 



for r>r t 



17. 



F 

diamagnetic 
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As in the case on the neon atom, the energy of the argon atom is 
minimized and the angular momentum is conserved with the pairing of 
electron eighteen to fill the 3p y orbital when the orbital angular momenta 

of each set of the 3p,, p y , and p z spin-paired electrons adds negatively to 

cancel. Then, the diamagnetic force (Eq. (10.258)), F diamagnetici is given by 

the induced orbital angular momentum of the 3s orbital alone which 
conserves angular momentum. 

= 4\) A H \ T^Oir (10.380) 

From Eq. (10.260), F^ 2 is 

= (1 + 1 + 1 + l)^-^^^/^(7TI)i r = V^(7Tl)i r (10.381) 

corresponding to the spin-angular-momentum contribution alone from 
each of the 3p x9 p y , and p z orbitals and the spin angular momentum of the; 

3s orbital. 

The outward centrifugal force on electron 18 is balanced by the 
electric force and the magnetic forces (on electron 18). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.379)), diamagnetic (Eq. (10.380)), and 
paramagnetic (Eq. (10.381)) forces as follows: 

SA- g-'y ^_VJ( ? Tl) + _i^_V^M) (10.382) 

h 1 
Substitution of v, 8 = (Eq. (1.56)) and s = — into Eq. (10.382) gives: 

"Vis 2 
*> (Z-17>* A* ff + -^-J5 (10.383) 



r,. = 



18 (Z-17)g 2 h 2 J3 | 4h' 13 
4jce o \2m e r n V 4 + Zm e r i2 V 4 



(10.384) 



r is = — , r i2 in units of (10.385) 



U2 Zj r„ 



'12 

Substitution of ^. = 0.78276 (Eq. (10.255) with Z=18) into Eq. (10.385) 
gives 

r ts = 0.86680^ (10.386) 
The ionization energy of the argon atom is given by the electric 



& 20UJ Dy tSiacKLignt Fower, Inc. All rights reserved. 

544 

energy, E(electric), (Eq. (10.102) with the radius, r l8 , given by Eq. (10.386)): 

E{ionization\ Ar) = -Electric Energy = ^ Z " 1 7)g =1 5.6965 1 <?V (10.387) 

Sne o r^ 

where /j 8 = 0.86680a 0 (Eq. (10.386)) and Z = 18. The experimental ionization 
energy of the argon atom is 15.75962 eV [3]. 

THE IONIZATION ENERGIES OF EIGHTEEN-ELECTRON ATOMS 
WITH A NUCLEAR CHARGE Z>18 

Eighteen-electron atoms having Z>18 possess an external electric 
field given by Eq. (10.92). In this case, an energy minimum is achieved 
with conservation of momentum when the orbital angular momentum is 
such that ¥ diamagnetic is minimized while F,^ is maximized. With a filled 3p 

shell, the diamagnetic force due to the orbital angular momenta of the 3p 
electrons cancels that of the 2p electrons. Thus, the diamagnetic force 
(Eq. (10.258)), F^^, is zero: 

= 0 - (10.388) 

From Eqs. (10.205) and (10.261), V mag2 corresponding to the spin 
and orbital angular momenta of the paired 2p x > p y9 and p z electrons is 

F^ 2 =(4 + 4 + 4)l— ^^(^ir=^-^^ (10.389) 
the contribution from the 3p level (Eq. (10.264)) is 

F^ 2 =(8 + 8 + 8)1 ^V^(7^i r =l^^V^(^)i r (10.390) 

Z m e r iS r i2 Z m cl8 / 12 

and the contribution due to the spin and induced orbital angular 
momentum of the 3s orbital that achieves conservation of angular 
momentum given by Eq. (10.262) is 

1 4ft 2 

F^ 2 = 7 --^(^i r (10.391) 
Thus, the total of F mfli2 is 

^^z^T^^^ 1 ' (10.392) 

The diamagnetic force, 2 - , due to the binding of the 3p-orbital 

electron having an electric field outside of its radius is given by Eq. 
(10.268): 

In the case that Z>18, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.379)), diamagnetic (Eqs. (10.388) and (10.393)), and paramagnetic 
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«Xs _ (Z-17)e* 

_ + 



40ft : 



is 



LZ-17. 



Substitution of v,s =~r (Eq. (1.56)) and s = ± into Eq. (10.394) gives: 



(10.394) 



ft 2 = (Z-17)< 
3 4ne A 



m c r tS 



J2 



4 



The quadratic equation corresponding to Eq. (10.395) is 



(10.395) 



(Z-17K + 40ft : 



4ne. 



Zm. 



r 2 



m 



m 



(Z-17)e^ 40h 



47te, 



Zm 



V2 
2 



(10.396) 



( 



(Z-17K 40ft : 



4lt£. 



Zm 




The solution of Eq. (10.397) using the quadratic formula is: 



(10.397) 




m. 



( 



(Z-17)e 2 40ft 



4m. 



40h 2 fpi 

Zm e r t7 l4j 



+ 



( 



(Z-17)e< 40ft 
■ - + 



47te. 



40ft 2 nn 

Zm e r n i4) J 



44 



ft 



^8 



( 



(Z-17)e 2 40ft 

h 



40ft 2 /J^ 



(10.398) 



© 2003 by BlackLight Power, Inc. All rights reserved 



546 



±a. 




r !8 = 



Zr ]2 ) 



(10.399) 



r n in units ofa 0 

where r i2 is given by Eq. (10.255). The positive root of Eq. (10.399) must 
be taken in order that r ]8 >0. The final radius of electron 18, r I8 , is given 
by Eq. (10.399); this is also the final radius of electrons 13, 14, 15, 16, 
and 17. The radii of several eighteen-electron atoms are given in Table 
10.17. 

The ionization energies for the eighteen-electron atoms with Z>18 
are given by the electric energy, E(electric), (Eq. (10.102) with the radii ij„ 
given by Eq. (10.399)): 

(Z-17)e 2 



E(Ionizatioii) = —Electric Energy = 



(10.400) 



Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured eighteen-electron atoms are given 
in Table 10.17. 
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18 e 
Atom 



Ar 
K* 
Ca 2 * 
Sc J+ 
7i 4+ 
V s * 
Cr 6+ 
Mn 1 * 
Fe s * 
Co 9 * 
Ni K * 
Cu"* 
Zn' 2 * 



18 0.05599 

19 0.05302 

20 0.05035 

21 0.04794 

22 0.04574 

23 0.04374 

24 0.04191 

25 0.04022 

26 0.03867 

27 0.03723 

28 0.03589 

29 0.03465 

30 0.03349 



(<O b 



0.23839 
0.22503 
0.21308 
0.20235 
0.19264 
0.18383 
0.17579 
0.16842 
0.16165 
0.15540 
0.14961 
0. 14424 
0.13925 



1o 



0.28878 
0.26884 
0.25149 
0.23625 
0.22276 
0.21074 
0.19995 
0.19022 
0.18140 
0.17336 
0.16601 
0.15926 
0.15304 



12 

(a s ) d 

0.78276 

0.71450 

0.65725 

0.60857 

0.56666 

0.53022 

0.49822 

0.46990 

0.44466 

0.42201 

0.40158 

0.38305 

0.36617 



'18 

0.86680 

0.85215 

0.82478 

0.76196 

0.70013 

0.645 1 1 

0.59718 

0.55552 

0.51915 

0.48720 

0.45894 

0.43379 

0.41127 



Theoretical 
Ionization 

Energies f 

(eV) 
15.69651 
31.9330 
49.4886 
71.4251 
97.1660 
126.5449 
159.4836 
195.9359 
235.8711 
279.2670 
326.1070 
376.3783 
430.0704 



Experimental 
Ionization 

Energies 8 

(eV) 
15.75962 

31.63 
50.9131 
73.4894 

99.30 

128.13 

160.18 

194.5 

233.6 

275.4 

321.0 
369 

419.7 



Relative 
Error h 



0.0040 

-0.0096 

0.0280 

0.0281 

0.0215 

0.0124 

0.0043 

-0.0074 

-0.0097 

-0.0140 

-0.0159 

-0.0200 

-0.0247 



a Radius of the paired 1s inner electrons of eighteen-electron atoms from Eq. (10.51). 

h Radius of the paired 2s inner electrons of eighteen-electron atoms from Eq. (10.62). 

c Radius of the three sets of paired 2p inner electrons of eighteen-electron atoms from Eq. 
(10.212)). 

d Radius of the paired 3s inner electrons of eighteen-electron atoms from Eq. (10.255)). 

e Radius of the three sets of paired 3p outer electrons of eighteen-electron atoms from Eq. 
(10.399) for Z>18 and Eq. (10.386) for Ar. 

f Calculated ionization energies of eighteen-electron atoms given by the electric energy (Eq. 
(1 0.400)). 

9 From theoretical calculations, interpolation of isoelectronic and spectral series, and 
experimental data (2-3]. 

n (Experim effial-theoretican/experimental. ' 

The agreement between the experimental and calculated values of 
Table 10.17 is well within the experimental capability of the 
spectroscopic determinations including the values at large Z which relies 
on X-ray spectroscopy. In this case, the experimental capability is about 
two to four significant figures which is consistent with the last column. 
Ionization energies are difficult to determine since the cut-off of the 
Rydberg series of lines at the ionization energy is often not observed. 
Thus, the argon atom isoelectronic series given in Table 10.17 [2-3] relies 
on theoretical calculations and interpolation of the Ar isoelectronic and 
Rydberg series as well as direct experimental data to extend the precision 
beyond the capability of X-ray spectroscopy. But, no assurances can be 
given that these techniques are correct, and they may not improve the 
results. The error given in the last column is very reasonable given the 
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quality of the data. 



GENERAL EQUATION FOR THE IONIZATION ENERGIES OF 
THIRTEEN THROUGH EIGHTEEN-ELECTRON ATOMS 

Using the forces given by Eqs. (10.257-10.264), (10.268), and the 
radii r ]2 given by Eq. (10.255), the radii of the 3p electrons of all thirteen 
through eighteen-electron atoms may be solved exactly. The electric 
energy given by Eq. (10.102) gives the corresponding exact ionization 
energies, A summary of the parameters of the equations that determine 
the exact radii and ionization energies of all thirteen through eighteen- 
electron atoms is given in Table 10.18. 

F eh and F diomagtteric 2 given by Eqs. (10.257) and (10.268), respectively, 

are of the same form for all atoms with the appropriate nuclear charges 
and atomic radii. F^^ given by Eq. (10.258) and F^ 2 given by Eqs. 

(10.259-10.264) are of the same form with the appropriate factors that 
depend on the electron configuration wherein the electron configuration 
must be a minimum of energy. 

For each n-electron atom having a central charge of Z times that of 
the proton and an electron configuration ls 2 2s 2 2p 6 3s 2 3p n ~ 12 , there are two 
indistinguishable spin-paired electrons in an orbitsphere with radii r x and 
r 2 both given by Eq. (7.19) and (10.51): 

3" 



r i = r i = a o 



1 



Z-l Z(Z-l) 



(10.401) 



two indistinguishable spin-paired electrons in an orbitsphere with radii r 3 
and r 4 both given by Eq. (10.62): 





<~>-(H)f |<~>-(K)f < z - 3 >-(H)f 



r x in units ofa 0 

(10.402) 

where r x is given by Eqs. (10.51) and (10.401), three sets of paired 
indistinguishable electrons in an orbitsphere with radius r ]0 given by Eq. 
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(10.212): 



± a, 



1 



1o = 



(10.403) 



r 2 in units of a 0 

where r 3 is given by Eqs. (10.62) and (10.402), two indistinguishable 
spin-paired electrons in an orbitsphere with radius r ]2 given by Eq. 
(10.255): 




±*0 




r X2 = 



(10.404) 



r l0 in units ofa 0 

where r l0 is given by Eq. (10.212), and n-12 electrons in a 3p orbitsphere 
with radius r n given by 
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±a, 



r n = 



((Z-(„-,))-(|- 



(<z-(»-.),-(f- 




(10.405) 



r n in units of a 0 

where r l2 is given by Eqs. (10.255) and (10.404), the parameter A given 
in Table 10.18 corresponds to the diamagnetic force, F^^ ^ (Eq. 

(10.258)), and the parameter B given in Table 10.18 corresponds to the 
paramagnetic force, ¥ mag2 (Eqs. (10.260-10.264)). The positive root of Eq. 

(10.405) must be taken in order that r n >0. The radii of several n- 

electron 3p atoms are given in Tables 10.10-10.17. 

The ionization energy for the aluminum atom is given by Eq. 
(10.227). The ionization energies for the n-electron 3p atoms are given 
by the negative of the electric energy, E(electric), (Eq. (10.102) with the 
radii, r nJ given by Eq. (10.405)): 



E(Ionizatiori) = -Electric Energy = — — — — 

8flE_r_ 



(10.406) 



'on 



Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured n-electron 3p atoms are given by 
Eqs. (10.405) and (10.406) in Tables 10.10-10.17. 
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Table 10.18. Summary of the parameters of thirteen through eighteen- 
electron atoms. 

Atom Electron Ground Orbital Diamagnetic Paramagnetic 

Type Configuration State Arrangement Force 

Term a °f Factor 

3p Electrons * b 
(3p state) 



Force 
Factor 

B c 



Neutral 
13 e Atom 
Al 


15 Z.S Lp DS Dp 


2p0 

r \n 


f 
1 


0 


-l 


li 

T 


0 


Neutral 
14 e Atom 

Si 


IS jLS Lp JS jp 




s 

i 


t 

0 


-l 


7 
3 


0 


Neutral 

15 e Atom 
P 


IS 2s Lp 5S 5p 


4 r0 

°3/2 


i 

i 


1 

0 


i 

-l 


5 
3 


2 


16 e Atom 
S 


i _2<i _2 6 o _2 4 

Is 25 2/7 3s 3/? 


3 n 
P 2 


1 


1 

0 


i 

-l 


A 

3 


1 


N Antral 
ilCUual 

17 e Atom 

a 


-t _2 r\ 2 6 O _2 O 5 

Is 2^ 2p 3j 3/? 


2 t>0 

M/2 


1 4 
1 


1 s I 
I •J' 

0 


i 

-l 


o 
3 


2 


Neutral 
1 8 e Atom 
Ar 


ls 2 2s 2 2p 6 3s 2 3p 6 


°o 


T i 
l 


T I 

0 


T I 
-l 


1 

3 


4 


1 3 e Ion 


ls 2 2s 2 2p*3s 2 3p* 


2p0 

M/2 


T 
l 


0 


-l 


5 
3 


12 


1 4 e Ion 


ls 2 2s 2 2p 6 3s 2 3p 2 


*0 


t 
l 


t 

0 


-l 


1 

3 


16 


15 e Ion 


ls 2 2s 2 2p 6 3s 2 3p 3 


4^0 
^3/2 


t 
l 


t 

0 


T 
-l 


0 


24 


16 e Ion 


ls 2 2s 2 2p 6 3s 2 3p 4 


3 P 
*2 


t I 
l 


t 

0 


T 

-1 


1 

3 


24 


17 e Ion 


ls 2 2s 2 2p 6 3s 2 3p 5 


2 p 0 
*3/2 


t i 
l 


T i 

0 


T 
-l 


2 
3 


32 


18 e Ion 


ls 2 2s 2 2p 6 3s 2 3p 6 


1~ 
°0 


T i 
l 


T I 

0 


T i 

-l 


0 


40 



a The theoretical ground state terms match those given by NIST [8J. 

b Eq. (10.258). 

c Eqs. (10.260-10.264). 



* 
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NINETEEN-ELECTRON ATOMS 

Nineteen-electron atoms can be solved exactly using the results of 
the solutions of one, two, three, four, five, six, seven, eight, nine, ten, 
eleven, twelve, thirteen, fourteen, fifteen, sixteen, seventeen, and 
eighteen-electron atoms. 

RADIUS AND IONIZATION ENERGY OF THE OUTER ELECTRON OF 
THE POTASSIUM ATOM 

For each eighteen-electron atom having a central charge of Z times 
that of the proton, there are two indistinguishable spin-paired electrons 
in an orbitsphere with radii r } and r 2 both given by Eq. (7.19) (Eq. 
(10.51)), two indistinguishable spin-paired electrons in an orbitsphere 
with radii r 3 and r 4 both given by Eq. (10.62), three sets of paired 

electrons in an orbitsphere at r }0 given by Eq. (10.212), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r„ 
and r 12 both given by Eq. (10.255), and three sets of paired electrons in an 
orbitsphere with radius r iS given by Eq. (10.399). For Z>19, the next 
electron which binds to form the corresponding nineteen-electron atom is 
attracted by the central Coulomb field and is repelled by diamagnetie 
forces due to the 3 sets of spin-paired inner 3p electrons such that it 
forms and unpaired orbitsphere at radius r 19 . 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner eighteen electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 

F * = (10.407) 
for r>fj 8 . 

The spherically symmetrical closed 3p shell of eighteen-electron 

atoms produces a diamagnetie force, F diamagnetic9 that is equivalent to that of 

a closed s shell given by Eq. (10.11) with the appropriate radii except 
that the force is doubled due to the interaction of the 4s and 3p electrons 
as given by Eq. (10.96). The inner electrons remain at their initial radii, 
but cause a diamagnetie force according to Lenz's law that is 

A 2H \ V^Hftr (10.408) 

In addition to the spin-spin interaction between electron pairs, the 
three sets of 3p electrons are orbitally paired. As in the case of the 
sodium atom with the corresponding radii, the single 4s orbital of the 
potassium atom produces a magnetic field at the position of the three sets 
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of spin-paired 3p electrons. In order for the electrons to remain spin and 
orbitally paired, a corresponding diamagnetic force, * diamagnetic ^ on electron 

eighteen from the three sets of spin-paired electrons that follows from 
the deviation given in the Eleven-Electron Atom section (Eq. (10.221)) is 

(10.409) 

Z m e r l9 

corresponding to the 3 p x , p y9 and p z electrons. 

The outward centrifugal force on electron 19 is balanced by the 
electric force and the magnetic forces (on electron 19). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.407)) and diamagnetic (Eqs. (10.408) and 
(10.409)) forces as follows: 

^=^^--^V^-#^V^n> (io.4io) 

r l9 4ne o r„ 4m e r l9 r is Zm e r, 9 

ft 1 — . 

Substitution of v 19 = — — (Eq. (1.56)) ands = - into Eq. (10.410) gives: 

m e t\9 '" 2 



(Z-18)e 2 2ft 2 13 12ft* 13 



o iv e 



m e r? 9 4ne o r* 4m (r r i ;r Ig V4 Zm e r„\4 

ft 2 
m. 



(10.41 1) 



19 (Z-18)e 2 fi 2 13 



<Xne c 2m/„ V 4 



(10.412) 



3 

(Z-18)-fl 
2r is 




in units of a 0 (10.413) 



Substitution of ^- = 0.85215 (Eq. (10.399) with Z = 19) into Eq. (10.413) 
gives 

=3.14515*0 (10.414) 
The ionization energy of the potassium atom is given by the electric 
energy, E(electric), (Eq. (10.102) with the radius, r i9 , given by Eq. (10.414)): 

E(ionization; K) = -Electric Energy = (Z ~ 18) = 4.32596 eV (10.415) 

o7te o r x9 

where r l9 = 3.14515a,, (Eq. (10.414)) and Z = 19. The experimental ionization 
energy of the potassium atom is 4.34066 eV [3]. 

THE IONIZATION ENERGIES OF NINETEEN-ELECTRON ATOMS 
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WITH A NUCLEAR CHARGE Z>19 

Nineteen-electron atoms having Z>19 possess an external electric 
field given by Eq. (10.92). Since there is a source of dissipative, J*E of 
Eq. (10.27), the magnetic moments of the inner electrons may change due 
to the outer electron such that the energy of the nineteen-electron atom 
is lowered. The spherically symmetrical closed 3p shell of eighteen- 
electron atoms produces a diamagnetic force, JF diamagnefic9 that is equivalent to 

that of a closed s shell given by Eq. (10.11) with the appropriate radii 
except that the force is tripled due to the interaction of the 2p, 3s, and 3p 
electrons as discussed in the 3P-Orbital Electrons Based on an Energy 
Minimum section. The inner electrons remain at their initial radii, but 
cause a diamagnetic force according to Lenz's law that is 



3h 



2 



^diamagnetic = "T^T" 4^l)K (10.416) 

In addition to the spin-spin interaction between electron pairs, the 
six sets of 2p and 3p electrons are orbitally paired. As in given in the 
Eleven-Electron Atom section, the single 4s orbital of each nineteen- 
electron atoms having Z>19 produces a magnetic field at the position of 
the six sets of spin-paired 2p and 3p electrons. In order for the electrons 
to remain spin and orbitally paired, a corresponding diamagnetic force, 
^diamagnetic 3 > on electron nineteen from the six sets of spin-paired electrons 

that follows from the deviation given in the Eleven-Electron Atom section 
(Eq. (10.221)) is 

diamagnetic 3 = " ^ (10.417) 

* Z m e r ]9 

corresponding to the 2 and 3p x , p y9 and p z electrons. 

As shown in the P-Orbital Electrons Based on an Energy Minimum 
section for F^^,,^ given by Eq. (10.93), the corresponding diamagnetic 

force for 2p electrons due to a relativistic effect with an electric field for 
r>r n (Eq. (10.35)) is dependent on the amplitude of the orbital energy. 

Using the orbital energy with l-\ (Eq. (10.90)), the energy m r Av 2 of Eq. 



(10.29) is reduced by the factor of due to t * ie contribution of the 

charge-density wave of the inner electrons at r 3 . In addition, it was 

shown in the 3P-Orbital Electrons Based on an Energy Minimum section 
that the two 3s electrons contribute an energy factor based on Eq. (1.82). 
since the filled 2p orbitals with the maintenance of symmetry according 
to Eq. (10.72) requires that the diamagnetic force is due to the electrons 
at r l0 acing on the electrons at r 12 which complies with the reactive force, 

^diamagnetic 2> given by Eq. (10.229). Thus, F diamagneric2 for the factor from 3p 
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electrons with Z>n is reduced by the factor of 




V2 



9- 
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Similarly, the 



factor for 4s electrons due to the inner 2p, 3s, and 3p electrons is 
cumulative. Thus, ¥ diamagneJic 2 for 4s electrons with Z>n is 

2 2 2 



diamagnetic 2 

For n = 19, F AW4 „„,. C 2 is 



' * diamagnetic 2 

= "[z-(n-l)J 



2 J m S, 



(10.418) 



' diamagnetic 2 



~im- 



^ + I_V2 + 0 
2 2 2 2 



-5s^ioV^7TT)i r 



(10.419) 



In the case that Z>19, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.407)) and diamagnetic (Eqs. (10.416), (10.417), and (10.419)) forces 
as follows: 



m 



,4 _ (Z-18)e 2 



^9 



Js(s + 1) - . Js(s + 1) 



Zm e r t9 



(10.420) 



s(s + 1) 



Substitution of v„ = (Eq. (1.56)) and s = - into Eq. (10.420) gives: 



ti 1 = (Z-18> 
3 4;rc.f;i 



\4 Zm e r^4 Lz-isj, 2 2 2 2jm e /j 



2 io./| 



The quadratic equation corresponding to Eq. (10.421) is 



(10.421) 



( 



(Z-18)e : 
4rce 



1 + 



24J ! 



V2 1 V2 
2 2 2 



h 2 



m. 



r * 

" f (Z~18 )e : 

V 47ce < 



1+ 



24 4 



(10.422) 



■A 2 2 2 2j /n. 



f (Z-18 )c : 



= 0 



The solution of Eq. (10.423) using the quadratic formula is: 



(10.423) 
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24 J 



1 + 



\ Am 



3ft 



4ne o 4m t r xt 




3 



\ - 



ft : 



m. 



24 J - 



1 + 



(Z-18)e 2 3ft : 



4ke. 



2 



+4 



r— T>- 

IZ-18J, 



V2 1 -72 
+ + 

2 2 2 



2 J m. 



10j2 



19 = 



( 



(Z-18)e- 
4^e. 



3ft 2 /3H 
4m t r 18 -V4j 



(10.424) 



H — J 



f(Z -18)- 



3V3 



8/; 



18 



1 + 



12>/3 



V2 1 V2 
1 + 

2 2 2 




19 = 



(10.425) 



fi 8 in Hrtita a 0 

where r I8 is given by Eq. (10.399). The positive root of Eq. (10.425) must 

be taken in order that r l9 >0. The radii of several nineteen-electron 

atoms are given in Table 10.19. 

The ionization energies for the nineteen-electron atoms with Z>19 
are given by the electric energy, E(electric), (Eq. (10.102) with the radii /j 9 , 

given by Eq. (10.425)): 

(Z-18)e 2 



E(Ionization) — —Electric Energy — 



S7te o r 19 



(10.426) 



Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured nineteen-electron atoms are given 
in Table 10.19. 
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Table 10.19. Ionization energies for some nineteen-electron atoms. 
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iy e 




Atom 




K 


19 


Ca+ 


20 


Sc 2+ 


21 


Ti 3 * 


22 


y** 


23 


Cr s + 


24 


Mn 6 * 


25 


Fe 1+ 


26 


Co i+ 


27 


Ni 9 * 


28 


Cu w * 


29 


Zn" + 


30 



*3 



12 



^8 



r 19 



(«o) a (" 0 ) b (0 C («o) d («o) C K) f 



0.05302 
0.05035 

0.04794 

0.04574 

0.04374 

0.04191 

0.04022 

0.03867 

0.03723 

0.03589 

0.03465 

0.03349 



0.22503 
0.21308 

0.20235 
0.19264 
0.18383 
0.17579 
0. 1 6842 
0.16165 
0.15540 
0.14961 
0.14424 
0.13925 



0.26884 
0.25149 
0.23625 
0.22276 
0.21074 
0.19995 
0.19022 
0.18140 
0.17336 
0.16601 
0.15926 
0.15304 



0.71450 
0.65725 

0.60857 
0.56666 
0.53022 
0.49822 
0.46990 
0.44466 
0.42201 
0.40158 
0.38305 
0.36617 



0.85215 
6.82478 

0.76196 
0.70013 
0.64511 
0.59718 
0.55552 
0.51915 
0.48720 
0.45894 
0.43379 
0.41127 



3.14515 
2.40060 

1.65261 
1.29998 
1 .08245 
0.93156 
0.81957 
0.73267 
0.66303 
0.60584 
0.55797 
0.51726 



Theoretical Experimental 
Ionization Ionization 


Relative 

• 

error 1 


Energies 8 

(eV) 
4.32596 


Energies h 

(eV) 
4.34066 


0.0034 


11.3354 


11.87172 


0.0452 


24.6988 


24.75666 


0.0023 


4 1 .8647 


43.2672 


0.0324 


62.8474 


65.2817 


0.0373 


87.6329 


90.6349 


0.033 1 


116.2076 


1 19.203 


0.025 1 


148.5612 


151.06 


0.0165 


184.6863 


186.13 


0.0078 


224.5772 


224.6 


0.0001 


268.2300 


265.3 


-0.0110 


315.6418 


310.8 


-0.0156 



a Radius of the paired 1s inner electrons of nineteen-electron atoms from Eq. (10.51). 

b Radius of the paired 2s inner electrons of nineteen-electron atoms from Eq. (10.62). 

c Radius of the three sets of paired 2p inner electrons of nineteen-electron atoms from Eq. 

(10.212)). 

d Radius of the paired 3s inner electrons of nineteen-electron atoms from Eq. (10.255)). 

e Radius of the three sets of paired 3p inner electrons of nineteen-electron atoms from Eq. 

(10.399). 

f Radius of the unpaired 4s outer electron of nineteen-electron atoms from Eq. (10.425) for 
Z>19 and Eq. (10.414) for K. 

9 Calculated ionization energies of nineteen-electron atoms given by the electric energy (Eq. 
(10.426)). 

h From theoretical calculations, interpolation of isoelectronic and spectral series, and 

experimental data [2-3]. 
' (Experimental-theoretical)/experimental. 

The agreement between the experimental and calculated values of 
Table 10.19 is well within the experimental capability of the 
spectroscopic determinations including the values at large Z which relies 
on X-ray spectroscopy. In this case, the experimental capability is about 
three to four significant figures which is consistent with the last column. 
Ionization energies are difficult to determine since the cut-off of the 
Rydberg series of lines at the ionization energy is often not observed. 
Thus, the potassium atom isoelectronic series given in Table 10.19 [2-3] 
relies on theoretical calculations and interpolation of the K isoelectronic 
and Rydberg series as well as direct experimental data to extend the 
precision beyond the capability of X-ray spectroscopy. But, no assurances 
can be given that these techniques are correct, and they may not improve 
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the results. The error given in the last column is very reasonable given 
the quality of the data. 

TWENTY-ELECTRON ATOMS 

Twenty-electron atoms can be solved exactly using the results of 
the solutions of one, two, three, four, five, six, seven, eight, nine, ten, 
eleven, twelve, thirteen, fourteen, fifteen, sixteen, seventeen, eighteen, 
and nineteen-electron atoms. 

RADIUS AND IONIZATION ENERGY OF AN OUTER ELECTRON OF 
THE CALCIUM ATOM 

For each nineteen-electron atom having a central charge of Z times 
that of the proton, there are two indistinguishable spin-paired electrons 
in an orbitsphere with radii r } and r 2 both given by Eq. (7.19) (Eq. 
(10.51)), two indistinguishable spin-paired electrons in an orbitsphere 
with radii r 3 and r A both given by Eq. (10.62), three sets of paired 

electrons in an orbitsphere at r l0 given by Eq. (10.212), two 
indistinguishable spin-paired electrons in an orbitsphere with radii r u 
and r ]2 both given by Eq. (10.255), three sets of paired electrons in an 
orbitsphere with radius r l9 given by Eq. (10.399), and an unpaired 
electron in an orbitsphere with radius r }9 given by Eq. (10.425). For 

Z>20, the next electron which binds to form the corresponding twenty- 
electron atom is attracted by the central Coulomb field and the spin- 
pairing force with the unpaired 4s inner electron and is repelled by 
diamagnetic forces due to the 3 sets of spin-paired inner 3p electrons 
such that it forms and unpaired orbitsphere at radius 

The central Coulomb force acts on the outer electron to cause it to 
bind wherein this electric force on the outer-most electron due to the 
nucleus and the inner nineteen electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 

F„, = { \'2 9) f K (10.427) 

for r>r„. 

The forces for the calcium atom follow from those of the 
magnesium atom given in the Twelve-Electron Atom section. The outer 
electron which binds to form the corresponding twenty-electron atom 
becomes spin-paired with the unpaired inner electron such that they 
become indistinguishable with the same radius r }9 = r 20 corresponding to a 

filled 4s shell. The corresponding spin-pairing force F^ is given by Eqs. 
(7.15) and (10.239): 
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1 h 2 



^diamagnetic = ~ ^V^O^r ( 1 0.429) 



F^=i-^rV^)i r (10.428) 

The spherically symmetrical closed 3p shell of twenty-electron 
atoms produces a diamagnetic force, F diamognetii: , that is equivalent to that of 

a closed s shell given by Eq. (10.11) with the appropriate radii. The inner 
electrons remain at their initial radii, but cause a diamagnetic force 
according to Lenz's law that is 

A 2 

In addition to the paramagnetic spin-pairing force between the 
nineteenth electron initially at radius r ]9 , the pairing causes the 

diamagnetic interaction between the outer electrons and the inner 
electrons given by Eq. (10.11) to vanish, except for an electrodynamic 
effect for Z>20 described in the Two-Electron Atoms section, since upon 
pairing the magnetic field of the outer electrons becomes zero. Using Eqs. 
(10.55) and (10.240), due to the three 3p orbitals is given by: 

K ag2 = |-^V^l)i r ( 1 0.430) 

In addition to the spin-spin interactions between electron pairs, the 
three sets of 2p and 3p electrons are orbitally paired. The 4s electrons of 
the calcium atom produce a magnetic field at the position of the six sets 
of spin-paired 2p and 3p electrons which interact as described in the P- 
Orbital Electrons Based on an Energy Minimum section. In order for the 
electrons to remain spin and orbitally paired, the corresponding 
diamagnetic force, F dkmgne1ie39 on electron twenty from the six sets of spin- 
paired electrons that follows from the deviation given in the Eleven- 
Electron Atom section (Eq. (10.221)) is 

F,*.™* 3 = -il^V^+Oir (10.431) 

Z m e r 20 

corresponding to the 2 and 3p x9 p yJ and p z electrons. 

The outward centrifugal force on electron 20 is balanced by the 
electric force and the magnetic forces (on electron 20). The radius of the 
outer electron is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (10.427)), diamagnetic (Eq. (10.428-10.429) 
and (10.431)), and paramagnetic (Eq. (10.430)) forces as follows: 

mv 2 (Z-19)e 2 h 2 r~, tt; 3ft 2 r^TTv 

- £ - J * L =— A 2 - A — V*(* + l)+~ — -W + l) 

r 20 47t€ o r 20 4m e r 20 r \S ^e^S ^jq ^2) 

~ ^-tJs(s + 1) + + 1) 
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m e r 20 



ft 2 _ (Z-18)g 2 



h 2 



m e r 7D 



3ft 2 




3 



24ft : 



Zm,r M 4 




1 + 



M-4 



3 



\ 




(10.433) 



r 20 "~ irv^2 



(Z-19)e' 



47TE 



h 1 m 

m.r.. V 4 



(10.434) 



1 + 



23j| 



3 
4 



, r 18 in unit? of a 0 



(10.435) 



Substitution of ^- = 0.82478 (Eq. (10.399) with Z = 20) into Eq. (10.435) 
gives 

= 2.23009a 0 (10.436) 
The ionization energy of the calcium atom is given by the electric 
energy, E(electric), (Eq. (10.102) with the radius, r^, given by Eq. (10.435)): 



CZ — 19 V 2 

E{ionization\ Co) = -Electric Energy = ±- — = 6.10101 eV 



(10.437) 



where ^=2.23009^ (Eq. (10.435)) and Z = 20. The experimental ionization 
energy of the calcium atom is 6.11316 eV [3]. 

THE IONIZATION ENERGIES OF TWENTY-ELECTRON ATOMS WITH 
A NUCLEAR CHARGE Z>20 

Nineteen-electron atoms having Z>20 possess an external electric 
field given by Eq. (10.92). Since there is a source of dissipative, J*E of 
Eq. (10.27), the magnetic moments of the inner electrons may change due 
to the outer electron such that the energy of the nineteen-electron atom 
is lowered. The spherically symmetrical closed 3p shell of twenty- 
electron atoms produces a diamagnetic force, V dianagnetiei that is equivalent to 

that of a closed s shell given by Eq. (10.11) with the appropriate radii 
except that the force is doubled (Eq. (10.96)) due to the interaction of the 
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2p, 3s, and 3p electrons as discussed in the 3P-Orbital Electrons Based on 
an Energy Minimum section with the cancellation of the contribution of 
the 3s orbital by the 4s orbital. The inner electrons remain at their initial 
radii, but cause a diamagnetic force according to Lenz's law that is 

- --^V^n)i r ( 1 0.438) 

In addition to the spin-spin interaction between electron pairs, the 
six sets of 2p and 3p electrons are orbitally paired. As in given in the 
Eleven-Electron Atom section, the single 4s orbital of each twenty- 
electron atoms having Z>20 produces a magnetic field at the position of 
the six sets of spin-paired 2p and 3p electrons. In order for the electrons 
to remain spin and orbitally paired, the corresponding diamagnetic force, 
^diamagnetic 3 » on electron twenty from the six sets of spin-paired electrons 
given by Eq. (10.221) is 

V«.^ac } = -±^W^)K (10.439) 

Z m e r 20 

corresponding to the 2 and 3p x , p y9 and p z electrons. 

From Eq. (10.418), the diamagnetic force, F diamagttetic 2 , due to a 

relativistic effect with an electric field for r>r 20 (Eq. (10.35)) is 

^diamagnetic , = i^l* ~ + 2 ~ + 2 j^ 10 ^^ 1 ' ( ' 0 ^ 

In the case that Z>20, the radius of the outer electron is calculated 
by equating the outward centrifugal force to the sum of the electric (Eq. 
(10.427)) and diamagnetic (Eqs. (10.438-10.440)) forces as follows: 

_ _ (10.441) 

IZ-19\ 2 2 2 2)m e r£ y 

ft 1 
Substitution of = (Eq. (1.56)) and s = - into Eq. (10.441) gives: 



(Z-19)e 2 2ft 2 [3 24ft 2 J3 



m e r^ *n&j& 4m e /£r l8 V4 Zm <r r 2 3 0 V4 



_rzz2or 1 .^ + i.^ + iw 10 

LZ-19j^ 2 2 2 2jm e 4 




(10.442) 
3 



4 

The quadratic equation corresponding to Eq. (10.442) is 
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24 J- 



1 + 



(Z-19K 




'io 



I 



•%/2 1 V2 
+ h 

2 2 2 



(Z-19)e' 
4ne„ 




The solution of Eq. (10.443) using the quadratic formula is: 



(10.443) 



m. 



1+ 



J 



( 



(Z-19)e : 
47E£_ 
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n 1 



m. 



24,1 



1 + 



(Z-I9)e 
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2 2 2 
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10 J- 



r 20 = 
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(Z-19 

47E£. 



(10.444) 



1 + 



12V3 



( <2 ' 19) -€) 



20V^ 



X 



V2 1 V2~ 
2 2 2 



'20 = 



( (Z - 19, -f) 



(10.445) 



j; 8 in unto o/ap 

where /j 8 is given by Eq. (10.399). The positive root of Eq. (10.445) must 
be taken in order that r 20 >0. The final radius of electron 20, r^, is given 
by Eq. (10.445); this is also the final radius of electron 19. The radii of 
several twenty-electron atoms are given in Table 10.20. The general 
equation for the ionization energies of atoms having an outer s-shell is 
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given in the General Equation for the Ionization Energies of Atoms Having 
an Outer S-Shell section. 

The ionization energies for the twenty-electron atoms with Z>20 
are given by the electric energy, E{electric)> (Eq. (10.102) with the radii r^, 
given by Eq. (10.445)): 

(Z-19)e 2 

E(Ionization) = -Electric Energy = - — — (10.446) 

Since the relativistic corrections were small, the nonrelativistic ionization 
energies for experimentally measured twenty-electron atoms are given 
in Table 10.20. 



Table 10.20. Ionization energies for some twenty-electron atoms. 



20 e 


Z 


Atom 




Ca 


20 


Sc* 


21 


7i 2+ 


22 


V 3+ 


23 


Cr 4 * 


24 


Mn 5+ 


25 


Fe 6+ 


26 


Co 1 * 


27 


M 8+ 


28 


Cu 9+ 


29 


Zn l0+ 


30 



no 



r *2 



r l8 



r 20 



(<O a (O b (O c (O d K) e (*J f 



0.05035 
0.04794 

0.04574 

0.04374 

0.04191 

0.04022 

0.03867 

0.03723 

0.03589 

0.03465 

0.03349 



0.21308 
0.20235 

0.19264 

0.18383 

0.17579 

0.16842 

0.16165 

0.15540 

0.14961 

0.14424 

0.13925 



0.25149 
0.23625 

0.22276 

0.21074 

0.19995 

0.19022 

0.18140 

0.17336 

0.16601 

0.15926 

0.15304 



0.65725 
0.60857 

0.56666 

0.53022 

0.49822 

0.46990 

0.44466 

0.42201 

0.40158 

0.38305 

0.36617 



0.82478 
0.76196 

0.70013 

0.64511 

0.59718 

0.55552 

0.51915 

0.48720 

0.45894 

0.43379 

0.41127 



2.23009 
2.04869 

1 .48579 

1.19100 

1 .00220 

0.86867 

0.76834 

0.68977 

0.62637 

0.57401 

0.52997 



Theoretical 
Ionization 


Experimental 
Ionization 


Relative 
Error' 


Energies 8 

(eV) 
6.10101 


Energies h 
(eV) 

6.11316 


0.0020 


13.2824 


12.79967 


-0.0377 


27.4719 


27.4917 


0.0007 


45.6956 


46.709 


0.0217 


67.8794 


69.46 


0.0228 


93.9766 


95.6 


0.0170 


123.9571 


124.98 


0.0082 


157.8012 


157.8 


0.0000 


195.4954 


193 


-0.0129 


237.0301 


232 


-0.0217 


282.3982 


274 


-0.0307 



a Radius of the paired 1s inner electrons of twenty-electron atoms from Eq. (10.51). 

b Radius of the paired 2s inner electrons of twenty-electron atoms from Eq. (10.62). 

c Radius of the three sets of paired 2p inner electrons of twenty-electron atoms from Eq. 
(10.212)). 

d Radius of the paired 3s inner electrons of twenty-electron atoms from Eq. (10.255)). 

e Radius of the three sets of paired 3p inner electrons of twenty-electron atoms from Eq. 
(10.399). 

* Radius of the paired 4s outer electrons of twenty-electron atoms from Eq. (10.445) for 
Z>20 and Eq. (10.436) for Ca. 

9 Calculated ionization energies of twenty-electron atoms given by the electric energy (Eq. 
(10.446)). 

h From theoretical calculations, interpolation of isoelectronic and spectral series, and 
experimental data [2-3]. 

1 (Experimental-theoreticalVexperimental. 



The agreement between the experimental and calculated values of 
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Table 10.20 is well within the experimental capability of the 
spectroscopic determinations including the values at large Z which relies 
on X-ray spectroscopy. In this case, the experimental capability is about 
three to four significant figures which is consistent with the last column. 
Ionization energies are difficult to determine since the cut-off of the 
Rydberg series of lines at the ionization energy is often not observed. 
Thus, the calcium atom isoelectronic series given in Table 10.20 [2-3] 
relies on theoretical calculations and interpolation of the Ca isoelectronic 
and Rydberg series as well as direct experimental data to extend the 
precision beyond the capability of X-ray spectroscopy. But, no assurances 
can be given that these techniques are correct, and they may not improve 
the results. The error given in the last column is very reasonable given 
the quality of the data. 

GENERAL EQUATION FOR THE IONIZATION ENERGIES OF ATOMS 
HAVING AN OUTER S-SHELL 

The derivation of the radii and energies of the Is, 2s, 3s, and 4s 
electrons is given in the One-Electron Atom, the Two-Electron Atom, the 
Three-Electron Atoms, the Four-Electron Atoms, the Eleven-Electron 
Atoms, the Twelve-Electron Atoms, the Nineteen-Electron Atoms, and the 
Twenty-Electron Atoms sections. Similarly, to Eqs. (10.216) and (10.405), 
the general equation for the radii of s electrons is given by 



1 + (C-Z>) 



V3 
2Z 



) 



±a, 



i 



1 + (C-Z>) 



V3 
2Z 



\ 2 



(10.447) 



r m in units ofa 0 

where Z is the nuclear charge, n is the number of electrons, r m is the 
radius of the proceeding filled shell, the parameter A given in Table 
10.21 corresponds to the diamagnetic force, f diamagne tic » (Eq. (10.11)), the 

parameter B given in Table 10.21 corresponds to the paramagnetic force, 
F m**2 (Eq. (10.55)), the parameter C given in Table 10.21 corresponds to 

the diamagnetic force, V diamagft£tic3J (Eq. (10.221)), the parameter D given in 

Table 10.21 corresponds to the paramagnetic force, F^, (Eq. (7.15)), and 



* 
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the parameter E given in Table 10.21 corresponds to the diamagnetic 
force, F diamagnait2 , (Eqs. (10.35), (10.229), and (10.418)). The positive root of 
Eq. (10.447) must be taken in order that r n >0. The radii of several n- 
electron atoms having an outer s shell are given in Tables 1.3, 1.5, 7 1 
10.1, 10.2, 10.10, 10.11, 10.19, and 10.20. 

The ionization energy for atoms having an outer s-shell are given 
by the negative of the electric energy, E(electric) , (Eq. (10.102) with the 
radii, r„, given by Eq. (10.447)): 

E(Ionization) = -Electric Energy = ^ Z ~£ n ~ (10.448) 

except that minor corrections due to the magnetic energy must be 
included in cases wherein the s electron does not couple to p electrons as 
given in Eqs. (7.28), (7.47), (10.25), (10.48), (10.66), and (10.68). Since 
the relativistic corrections were small except for one, two, and three- 
electron atoms, the nonrelativistic ionization energies for experimentally 
measured n-electron, s-filling atoms are "given in most cases by Eqs. 
(10.447) and (10.448). The ionization energies of several n-electron 
atoms having an outer s shell are given in Tables 1.3, 1.5, 7.1, 10.1, 10.2, 
10.10, 10.11, 10.19, and 10.20. 



© 2003 by BlackLight Power, Inc. All rights reserved. 

56 

Table 10.21. Summary of the parameters of atoms filling the 1s, 2s, 3s, 
and 4s orbitals. 

Ground Orbital Diamag. Paramag. Diamag. Paramag. Diamag. 
State Arrangement Force Force Force Force Force 



Atom 
Type 



Electron 
Configuration 



Term a 



of 



Factor Factor Factor Factor Factor 



Neutral 

1 e Atom 
H 

Neutral 

2 e Atom 
He 

Neutral 

3 e Atom 
U 

Neutral 

4 e Atom 
Be 



ls ] 



1/2 



Is' 



2s l 



2s' 



Neutral ls 2 2s 2 2p 6 3s' 

1 1 e Atom 
Na 

Neutral ls 2 2s 2 2p 6 3s 7 

12 e Atom 

Mg 

Neutral \ S 2 2s 2 2p 6 3s 2 3p b 4 s' 

19 e Atom 
K 

Neutral Is 2 2s 2 2 p 6 3s 2 3 p 6 4s 2 

20 e Atom r 

Ca 



'S 



1 e Ion 



^1/2 



°!/2 



2e Ion 



3eIon 



Is' 



2s 1 



'5„ 



4e Ion 



1 1 e Ion 



2s' 



ls 2 2s 2 2p 6 3s' 



°l/2 



2 S 
J l/2 



s Electrons ^ b 
(s state) 



Is 

t 4 

Is 

J_ 

2s 

t i 

2s 

JL 

3s 

t i 

3s 

JL 

4s 

T i 

4s 

JL 

Is 

T i 

Is 

JL 

2s 

t I 

2s 

JL 

3s 



0 



1 



1 



1 



1 



1 



0 



1 



1 



1 



B 



0 0 



0 



0 



0 



0 



0 



0 



0 



8 



12 



24 



0 



0 



8 



D 



0 



1 



1 



1 



1 



0 0 0 0 



1 



0 0 



1 



0 



0 



0 



0 0 0 0 



0 



0 0 



0 



0 12 0 0 



0 



0 



0 



1 



1 



1 + 



V2 
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1 6 0 0 J2 

1+ 4 



2 

24 0 2--V2 



19eIon l s 2 2s 2 2 p 6 3s 2 3 p 6 4s* 2 S U2 t 

4s 

20c Ion l s 2 2s 2 2p 6 3s 2 3p 6 4s 2 'S 0 t I 

2 0 24 0 2-V2 

a The theoretical ground state terms match those given by NIST (8J. 
b Eq. (10.11). 
c Eq. (10.55). 
d Eq. (10.221). 
e Eq. (7.15). 

f Eqs. (10.35), (10.229), and (10.418). 
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